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 Abstract 
The purpose of this report is to provide the details of the Seedling Sanctuary, a 
mechanical engineering senior design project. The project in question is an automated cold frame 
designed specifically for Gardner Academy, a local elementary school in San Jose. A cold frame 
is a miniature greenhouse that opens like a chest and is made from clear plastic. Automated 
ventilation and watering systems create a microclimate within this greenhouse structure to create 
the ideal growing conditions for seeds. The main purposes of the cold frame are to lengthen the 
growing season, be maintenance free, and enhance garden education. From testing, the project 
goals were verified to have been achieved through several performance metrics. First, the 
system’s ability to lengthen the growing season is dependent on germinating seedlings that can 
be planted earlier in the season. The automated system maintained the seedlings at the proper soil 
moisture levels to grow. The system also implemented passive temperature control systems to 
maintain the plants in ideal conditions. With the ventilation and thermal mass, the system is able 
to be cooler at the hottest times of day and warmer at night than unprotected plants. The system 
has also successfully automated the care of the seedlings, achieving our goal of being 
maintenance free. Finally, the enhancement of garden education was incorporated through 
community engagement with the design and building of the cold frame, as well as the Bluetooth 
application which will be used in the school curriculum. 
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1. Introduction 
The purpose of this chapter is to introduce our senior design project. The following three 
sections will discuss the motivation behind the project, background information collected to gain 
knowledge in the fields of greenhouses, automation, and plants, and the objectives for the project 
based on our motivation and relative information.  
1.1. Motivation 
There is a sizeable problem with food and environmental injustice in the United State. 
According to the USDA approximately 23.5% of Americans live in a ‘food desert’, which is 
defined as living more than one mile away from a supermarket in an urban area, or 10 miles in a 
rural area [1]. Most of these food deserts are found in low income areas causing the residents to 
have limited access to affordable and nutritious food. Just within Santa Clara County, 9.9% of 
the population is food insecure, meaning they lack reliable access to nutritious food [2]. Given 
Santa Clara University’s School of Engineering Mission Statement, which states that as 
engineering students we must learn to approach problems with “competence, conscience, and 
compassion”, our team tried to address a small part of this large food insecurity problem. 
To learn more about what we could do to help reduce food insecurity, our student team 
approached Bronco Urban Gardens, which is the food justice initiative of Santa Clara 
University’s Center for Sustainability. ​Bronco Urban Gardens “provides technical support and 
garden-enhanced education that serves to increase ecological literacy and raise nutritional 
awareness as well as food access” by supporting urban garden projects and creating hands-on 
learning experiences for students in marginalized neighborhoods ​[3]. Bronco Urban Gardens in 
turn paired our team with Gardner Academy, an elementary school in the Gardner neighborhood 
of San Jose. The Gardner neighborhood technically falls under the USDA definition of a food 
desert, being about 1.2 miles away from a grocery store (Safeway) in an urban area.  
Gardner Academy itself is a school that attracts a lot of low-income students. 
Approximately 76% of the students are on the Free or Reduced Lunch Program [4]. For 
comparison, only 56% of students in California are on the program [5] and about half of all 
students in the United States are on the program [6]. 
 
 
Figure 1.1. ​Students on the Free or Reduced Lunch Program 
1 
  
These statistics indicate a striking need for fresh food access within the Gardner 
community. Thankfully, Gardner Academy is home to a small urban garden that is open to 
community members, providing fresh vegetables, education, and resources.  
 
 
Figure 1.2. ​Gardner Academy Garden [7]  
 
To satisfy the needs of the Gardner community, further Bronco Urban Gardens’ goals and 
apply our mechanical engineering knowledge, we immediately settled on the idea of a 
greenhouse. However, given San Jose building codes, a large structure was not an option. 
Instead, our team chose to create an automated cold frame, which serves the same purpose as a 
greenhouse, but is smaller and specifically used for the germination of seeds. 
1.2. Background Information 
Before the project could be clearly defined, information was gathered on various related 
fields. The following sections five sections contain details relating to cold frames, the 
germination process, greenhouse ventilation, watering systems for plants, and vegetable growing 
seasons. Further research on greenhouse design, closed loop watering systems, temperature and 
humidity conditions, and other current research being done on automated growing can be seen in 
Appendix K. 
1.2.1. Cold Frames 
Cold frames are basically miniature greenhouses that sit on the ground and open like a 
chest. They serve the same purpose as greenhouses, creating a warm and protected environment 
for plants to grow year-round.  
 
2 
  
Figure 1.3.​ Cold Frame [8]  
(Used Without Permission from Gardener’s Supply Company) 
 
Given their small size, cold frames are typically designed for individuals who enjoy 
gardening and want to grow their own flowers or vegetables throughout the year. It can be 
assumed that most individual gardeners, who care enough to invest in a cold frame, probably 
have no problem finding the time to take care of their plants because gardening is a hobby that 
they enjoy enough to invest in it. This means that having an automated system for watering and 
venting is not really necessary because it takes out a step from the gardening process that some 
people really enjoy. This is exactly the opposite when it comes to large commercial greenhouses 
that need automated systems for efficiency sake.  
1.2.2. Germination 
Germination is the process of a seed growing into a mature plant. The process can be 
divided into four main stages as seen in Figure 1.4. Stage one, “a”, the c ​otyledon has emerged 
from the soil and photosynthesis begins. The seed should be in a plug (small) tray. Stage two, 
“b”, the first true leaf starts growing. Stage three,​ “c”, more leaves start growing and plant begins 
searching for more nutrients. It is time to fertilize and transplant to a larger tray. Stage four, “d”, 
plant reaches maturity and is ready to be moved outside. 
 
 
Figure 1.4. ​Germination Process of Kale 
 
During the germination process, controlling the conditions is critical. The three key 
conditions are temperature, moisture and medium [9].  For temperature, it is important to avoid 
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 extreme. If temperature is too cold, the seed can freeze, but if temperature is too hot, the seed can 
sterilized. Summer crops ideally grow between 75-85​°F ​ during day and 60-75 ​°F ​ at night [9]. 
Winter crops on the other hand ideally grow is 50-75​°F ​ during day and 45-55 ​°F ​ during night [9]. 
For moisture, it is important to keep the soil consistently moist. The seeds will die if there is not 
enough water, but if there is too much water the seeds wash away. To avoid overwatering, the 
soil must drain well, the water must be evenly dispersed, and there must be good ventilation to 
avoid pooling water [10]. Medium is the soil that the seeds are planted in. It is important that the 
soil has a lot of nutrients and is easy for the plant to move through [9]. For the purpose of this 
project, medium is not a huge concern because we use the soil made in the Forge garden. 
1.2.3. Ventilation 
Ventilation is the most common way to maintain ideal temperatures within greenhouses 
and cold frames due to its low cost and minimal power requirements. Automatic vent openers are 
commonly purchased by garden hobbyists for their personal cold frames.  
 
 
Figure 1.5.​ Automatic Vent Opener [11] 
(Used Without Permission from Grow Organic) 
 
Most automatic vent openers are temperature-sensitive devices that expand as 
temperature increases within the cold frame or greenhouse. Automatically opening the lid or 
window of a cold frame or greenhouse reduces the temperature within. Automatic vent openers 
are convenient because they require no batteries or electricity. They can also be adjusted to start 
opening anywhere between 60-77​°F ​depending on what plants you are growing, reaching the 
fully open stage between 86​°F ​ and 90​°F ​, and reaching the fully closed stage at 55​°F ​ [11]. 
1.2.4. Watering 
For watering plants, there are currently three main methods: sprinklers, drip irrigation, 
and water misting [9]. Sprinklers are most useful for large areas of land, however they are known 
to waste a lot of water through evaporation and runoff [12]. There are many types of sprinklers 
ranging from the average oscillating lawn sprinkler, to overhead sprinklers designed for large 
commercial greenhouses [13]. Given their ability to distribute water over large areas, sprinklers 
are typically not used within cold frames. 
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Figure 1.6. ​Melnor Oscillating Lawn Sprinkler [14] 
(Used Without Permission from Amazon) 
 
 
Figure 1.7.​ Commercial Greenhouse Sprinklers [15] 
(Used Without Permission from Sprinkler System Store) 
 
Drip irrigation is typically made up of flexible pipes with holes that sit on top of the soil 
and drip water onto each individual plant [9]. This method of watering is useful for smaller yards 
and individual plants [9]. In a larger scale, they may act as a tripping hazard, although this is not 
an issue in a greenhouse format. Another benefit of the drip irrigation system is the efficiency of 
water usage, as it wastes less water and also does not break the existing soil due to excessive 
water pressure.  
 
 
Figure 1.8.​ Drip Irrigation System [13] 
(Used Without Permission from Sprinkler Warehouse) 
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Water misting is very similar to typical sprinklers, however, they have a specific spout 
that causes the water to come out in much smaller droplets (mist). This is another common type 
of watering used within large commercial greenhouses. It is a good method for tropical plants 
that require high humidity environments. Misting typically does not provide enough water to 
penetrate the soil and sufficiently water seedlings [9]. 
 
 
Figure 1.9.​ Basic Misting Heads [15] 
(Used Without Permission from Sprinkler System Store) 
 
All three of these watering methods can easily be automated by applying a watering 
timer. Automatic watering timers are typically hooked up to a voltage source to power the 
program and electric valve. The electric valve works by being constantly at a ‘negative’ state 
until it is activated. When the electricity magnetizes a plunger inside the valve, it lifts up and 
allows water to flow [15]. The program that activates the watering sequence is programmed for 
time of day and period of watering. This means that the plant gets watered on a consistent basis, 
but does not take into account any outside factors like rain or current soil conditions.  
  
 
Figure 1.10.​ Watering Timer at the Forge Garden 
1.2.5. Growing Seasons 
Growing season is another critical concept to understand when defining the objectives of 
a cold frame. Seeds need to be germinated before their ideal growing season. However the ideal 
growing season is dependent on weather. If the seeds are started outside before their ideal 
growing season, it means the seeds will not have the best weather, which can impede the 
germination process. This means that the seeds must be germinated in an indoor environment 
6 
 that can create the ideal germination conditions. Germinating the seeds before their ideal 
growing season allows the plants time to mature to the point where they can be planted outside 
during their ideal growing season. This allows the mature plants to effectively use their entire 
growing season to produce vegetables, rather than germinating. This in turn increases the yield of 
the garden [16]. 
 
Figure 1.11.​ San Jose, California Vegetable Calendar [16] 
(Used Without Permission from Urban Farmer) 
1.3. Project Objectives  
Based on Bronco Urban Gardens mission and the needs of the Gardner Academy 
community, it was determined that the cold frame had to lengthen the growing season, be 
maintenance free, and enhance garden education. The growing season is inherently lengthened 
by germinating seeds indoors before their growing season. To properly accomplish this however, 
the indoor conditions must be ideal for germination. Unfortunately, it requires a lot of time and 
attention to provide seedlings with the ideal conditions for germination, and the people who 
work in the Gardner Academy garden prioritize working on garden related curriculum rather 
than time consuming gardening tasks. This indicates a need for a self-sufficient venting and 
watering system that can provide ideal germination conditions without constant human 
interaction. Because the main goal of the Gardner Academy garden is an outdoor classroom, it is 
paramount that the cold frame can be used as an educational tool.   
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 2. System Level Analysis 
The purpose of this chapter is to analyze customer needs, functionality requirements, and 
other products on the market to determine the technical specifications of the automated cold 
frame as a whole system. Project logistics such as challenges, timeline, budget, design process, 
risks, and management, are also discussed in this chapter due to their relevance to the project as a 
whole. 
2.1. Customer Needs  
Our customers are broken into three main subgroups: students, faculty/staff, and 
community members. Gardner Academy is Kindergarten through 5th grade, and every class gets 
to spend time out in the garden at least once a week for their Garden Lab class. Other students 
who are a part of Garden Club spend even more time in the garden. While all students must be 
considered in the design, the 4th and 5th graders were our main target. This is because their 
current science curriculum overlaps significantly with aspects of the automated cold frame, such 
as germination, temperature, and humidity. Community members do not spend as much time in 
the garden as the students and teachers do, however, there are community build days and plant 
sales open to everyone. Overall, the majority of the customers have little knowledge of 
engineering as well as the advanced knowledge of gardening, and our project seeks to bridge this 
gap of knowledge. Table 2.1 lists out what our customers need the cold frame to do. These needs 
were prioritized by importance on a scale from 1 to 5, 1 being the least important and 5 being the 
most important. The needs were determined from multiple interviews at Gardner Academy, 
which can be seen in Appendix A. 
 
Table 2.1. ​Surveyed ​ ​Customer Needs for a Cold Frame  
No. Importance Need 
1 3 The cold frame is durable. 
2 3 The cold frame has anti-pest capabilities because of rats. 
3 3 The cold frame has locking features to prevent theft. 
4 3 The cold frame can withstand the various weather of California. 
5 5 The cold frame is sustainable 
6 5 The cold frame is completely solar powered. 
7 4 The cold frame is energy efficient. 
8 1 The cold frame collects rainwater. 
9 5 The cold frame is automated. 
10 5 The cold frame has a fully automated watering system. 
11 4 The cold frame maintains healthy humidity, temperature, and soil moisture. 
12 5 Plant can grow in the cold frame. 
13 3 The cold frame allows seedlings to grow. 
14 2 Fruits, vegetables, and flowers can be grown in the cold frame. 
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 15 4 The cold frame is the right size for the space in the garden. 
16 3 The cold frame uses the space efficiently. 
17 5 The cold frame allows easy access to students. 
18 3 Multiple students can use the cold frame at once. 
19 2 The cold frame is big enough to produce a specific number of plants. 
20 4 The cold frame can be used for education. 
21 2 The cold frame is child-proof. 
22 5 The cold frame is safe. 
23 3 The cold frame is child accessible. 
24 3 The cold frame can be used in a science experiment. 
25 4 The cold frame has educational output readings. 
 
2.2. User Scenario System 
The Gardner Academy garden is very long and narrow, but acts as one of the few green 
spaces at the school. The space is used primarily as a living classroom for the students, but also 
provides food to community members. The garden has multiple raised gardening beds, where 
vegetables are grown, a ‘classroom’ area with a whiteboard and benches, a gardening shed for 
supplies, picnic tables for small group projects, and a compost heap for organic matter. Figure 
2.1 is the space provided for the project within the Gardner Academy garden. 
 
 
Figure 2.1.​ Project Site at Gardner Academy 
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 While the students and teachers use the garden as a living classroom, and will have 
consistent interaction with the cold frame, the main user is Lisa Martinez, the director of Bronco 
Urban Gardens and the manager of the Gardner Academy garden. Lisa is in the garden three 
times a week for a couple hours on average. During this time, she can briefly check in on the 
plants within the cold frame. To check in on the plants she will most likely just open up the cold 
frame and look inside for a minute or two. At most she will move plants in plant trays in or out 
of the cold frame structure. Ideally she will not have to interact much with the cold frame. The 
automated system should run completely on its own so that Lisa has more time to focus on other 
aspects in the garden.  
Every one to two weeks during the school year,  students in the 4th and 5th grade will be 
interacting with the cold frame. Exact lesson plans concerning the cold frame will be decided on 
by the teachers, however an example is a science project in which the students observe the 
growth of the plants over time. To do this the cold frame would be opened so that students could 
get a closer look at the plants. 
General community members will not have much interaction with the structure. Members 
of the community typically come to the garden during plant sale days, when fresh produce is 
distributed. Most of these community members are family members of students and faculty at the 
school. Other general community members might include student volunteers from Santa Clara 
University. However these students will mostly be focused on educating students in the garden 
rather than gardening.  
Figure 2.2 is a photo of the final automated cold frame implemented at Gardner 
Academy. 
 
 
Figure 2.2.​ Final Automated Cold Frame System at Gardner Academy 
10 
 2.3. Functional Analysis 
The main function of a cold frame is to keep plants safe and create a microclimate to 
ensure seedling germination. To achieve this functionality, there must be a durable structure, 
with venting and watering capabilities. Due to a lack of power in the garden, all automation must 
be solar powered. The cold frame does not have to be completely off-grid however, due to the 
fact that the garden has access to city water. On top of having a functional structure and 
automated system, the cold frame must have some functional educational output.  
The structure is made from aluminium and polycarbonate plastic, which are weather 
resistant and durable. The polycarbonate plastic also allows sunlight to penetrate through, so that 
plants can still photosynthesize. The structure has a slanted roof to encourage rainwater drainage. 
The roof doubles as doors to the cold frame, opening like a chest would. These doors are also 
attached to the passive, thermally activated vent opener. This opener keeps the doors to the cold 
frame closed when it is cold, and open when it is hot, effectively maintaining temperatures 
inside. The structure then sits on top of a bench made from redwood planks and cinder blocks. 
The purpose of the bench is to encourage drainage and to raise the cold frame to a height for easy 
student interaction. The bench is then covered with a black open-cell mat and a layer of crushed 
granite that acts as a thermal mass. This thermal mass keeps the temperatures within the cold 
frame warm overnight, when the temperature outside drops.  
A sprinkler system is installed at the back of the cold frame, sprinkling water out across 
the plant trays. The sprinkler is completely reliant on watering logic, executed by an  
Arduino Mega microcontroller. The logic relies on soil moisture sensors that are planted in the 
soil of seedling trays. When the soil gets too dry the Arduino sends a voltage to the automatic 
valve, which then opens for a specific amount of time. Unlike the automatic vent and crushed 
granite, which passively automates temperature, the watering and control system must be 
electrically powered. To achieve this a solar cell was used to trickle charge batteries that power 
the Arduino and valve. To protect all these electrical components from the various weather 
conditions in California, they are all placed within a weather resistant acrylic plastic housing.  
As for the educational functionality of the cold frame, a mobile application has been 
created to track the temperature and soil moisture. A mobile application was an ideal format to 
present data given the fact that many classrooms at Gardner Academy have iPads. Students can 
then learn about how the temperature and water effects plants by comparing the data to how the 
plants look outside. There is also an override “water now” button that allows students to see how 
the sprinkler system works in person, without waiting for the water to come on automatically. 
Specific projects relating to science, art, and math will be created by each teacher in conjunction 
with Lisa Martinez.  
2.4 Benchmarking Results 
There are not any companies that directly sell automated cold frames. There are 
companies that either sell the structure or the automation, but rarely both. The following sections 
will discuss the pros and cons of various cold frames and greenhouse structures on the market as 
well as various ways of automating these structures. 
11 
 2.4.1. Structures 
There are many companies that sell cold frame kits, as well as do-it-yourself tutorials on 
how to make a cold frame. After some research, the most popular cold frames according to 
google can be seen in Table 2.2.  
 
Table 2.2.​ Comparison of Cold Frames Currently on the Market 
Product Company Price Features 
Cedar Cold Frame [8] Gardener’s Supply 
Company 
$245 Sits on the ground, cedar side 
panels, clear roof, 2 ft. by 4 ft. 
Cold Frame Ground Unit [17] Cedar Cold 
Frames 
$210 Sits on the ground, clear sides 
and roof, 2.5 ft. by 4 ft. 
Cold Frame Germination 
Station with Automatic Vent 
[17] 
Cedar Cold 
Frames 
$615 Ergonomic raised bed, clear 
sides and roof, thermally 
actuated automatic vent 
incorporated, 2.5 ft. by 4 ft. 
71" Aluminum Vented Cold 
Frame Greenhouse [33] 
Outsunny $65 Sits on the ground, clear sides 
and roof, 1.76 ft. by 6 ft.  
 
The Cold Frame Germination Station with Automatic Vent, Figure 2.3, was one of the most 
expensive cold frames on the market, however it was one of the only cold frames that came with 
a thermal vent already installed. It was also one of the only cold frames that was built in 
combination with a bench for ergonomics. While it was small and expensive, it influenced the 
design of our cold frame the most.  
 
 
Figure 2.3.​ Cedar Cold Frames Germination Station with Automatic Vent [17] 
(Used Without Permission from Cedar Cold Frames) 
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 2.4.2. Automation 
While there are not many cold frames with built in automation system, there are systems 
that can be added to cold frames that automate specific features. One of the leading companies 
that focuses purely on the automation aspect of cold frames and greenhouses is Autogrow. 
Autogrow provides controllers, sensors, pumps, and software for data visualization [18]. Most of 
their products are targeted for large commercialized greenhouses that can afford the products and 
can fulfill the necessary power requirements for the products. Most of their automation however 
is not truly automated, rather it is remote controlled by the consumer. Unlike Autogrow, 
AquaCool creates smaller product designed to water smaller spaces.  
 
Table 2.3.​ Comparison of Automation Systems Currently on the Market 
Product Company Price Features 
Intelligrow [18] Autogrow $48 per month Cloud based ​application, controls 
temperature, CO2, humidity, 
lighting, plant nutrients and pH 
Intelliclimate [18] Autogrow $1,830 Controls temperature, CO2, 
lighting, and humidity 
Automated Watering 
System [20] 
AquaCool $250 Thermostat to regulate 
temperature, waters plants via 
mist 
 
Figure 2.4 depicts the user interface of Autogrow’s remote control application. The 
application also allows the user to visualize data such as temperature and humidity over time. 
 
 
Figure 2.4. ​Autogrow Application for Managing Indoor Growing Environments [18] 
(Used Without Permission from Autogrow) 
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 Figure 2.5 depicts the controller hardware that would be placed inside a greenhouse. It 
acts basically as a classic thermostat that is placed inside a home. The only difference is that it 
has the ability to remotely turn on whatever watering system is implemented in the greenhouse.  
 
 
Figure 2.5. ​Autogrow Controller [18] 
(Used Without Permission from Autogrow) 
 
Figure 2.6 depicts the AquaCool watering system, which is not technically “automated” 
because it runs on a timer set by the user. The water is dispensed at set intervals of time, at the 
specified temperature. The system is also modular and can be fitted with water filtration as well 
as stronger pumps and different sprinklers. 
 
 
Figure 2.6. ​AquaCool Automated Watering System [20] 
(Used Without Permission from AquaCool) 
2.4.3. Food Distribution 
Table 2.4 compares three, local, non-profit organizations that focus on food justice by 
providing food access and garden education. It was important to look at what kinds of features 
these organizations had, such as garden spaces and greenhouse structures. Understanding the 
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 features that help these organizations provide inspiration for what kind of features can be added 
to the garden at Gardner Academy.  
 
Table 2.4.​ Comparison of Food Distribution and Education Non-Profits 
Company Features 
Forge Garden [3]  Hub for sustainable food education at Santa Clara University, half acre 
organic garden, 400 square foot greenhouse, compost center, solar 
decathlon house, and raised vegetable beds 
Valley Verde [34] Community greenhouse that grows culturally preferred seedlings, and 
builds custom mini greenhouses, raised beds, and other garden 
infrastructure for people’s backyards 
OnePointOne [15] Builds automated greenhouses in urban spaces for individual institutions 
or larger organizations based on need 
 
2.5. Key System Level Issues 
The most critical decision of the project was whether or not to purchase or build the cold 
frame structure. The structure was determined to be the most critical component because the 
structure houses the watering, venting, and control systems. The size, layout, and functionality 
ultimately create design constraints for the watering, venting, and control systems. The cold 
frame structure was initially designed to satisfy as many of the customer needs as possible, 
taking up the entire given space, having two front facing doors for easy access, and an internal 
section blocked off for electrical components. The decision matrix outlining the pros and cons of 
purchasing versus building a cold frame structure can be seen in Appendix B.1. 
The other main decision for the cold frame was to automate the cold frame versus simply 
implementing a remote controlled system. Due to the lack of time the manager of the Gardner 
Academy garden has, having a remote controlled system was still determined to require too 
much effort. This is because the system would need to be constantly checked to make sure the 
controls are providing good conditions for the plant. Meanwhile a purely automated system that 
depends on sensor readings to determine watering controls, requires no human interaction. No 
decision matrix was required for this decision because the customers immediately voiced their 
preference of an automated system. 
Another system level issue was the lack of a power outlet in the Gardner Academy 
garden. Based on this issue, it was quickly determined to power the watering and control systems 
via a solar cell because of the amount of sunshine the given area gets. This also encouraged 
alternative non-power-dependent solutions, such as the automatic vent opener and granite rocks. 
It also discouraged designs that require fans, pumps, or mats that require large amounts of power.  
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 2.6. Layout of System Level Design 
There are three main subsystems: structure, watering, and electronics. The structure 
subsystem includes the cold frame, the bench, the vent opener, and the electronics housing. The 
watering subsystem includes the sprinklers, valves, sensors, and watering logic. The electronics 
subsystem includes the solar panel, the electrical components such as the bread board, buck 
converter, and microcontroller, and the software. Figure 2.7 is an overhead view of the system 
layout, the main components necessary for each subsystem and how the three subsystems are 
integrated. 
 
 
Figure 2.7. ​System Sketch 
2.7 Team and Project Management 
This section introduces some of the more logistical aspects of the project such as 
constraints, budget, timeline, the design process, safety, and management.  
2.7.1. Project Challenges and Constraints  
There are many constraints for this project. The structure of the cold frame is mostly 
constrained by the size of the plot provided in the Gardner Academy garden. The site provided in 
the Gardner Academy garden was a little over 10 feet long and 5 feet wide. This constraint was 
easily followed by simply designing and ultimately buying a cold frame that was small enough to 
fit in the space, but large enough for many students to crowd around it and look inside. The 
structure also had a budget constraint, which is explained in section 2.7.2. 
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 The other main constraint of the project was power. Gardner Academy has no power 
outlet in the garden, which means that all systems that depend on electronics need to be solar 
powered. Thankfully the given space for the cold frame is in a sunny, west facing spot. To keep 
costs reasonably low, the electronics should only rely on a small solar cell.  
2.7.2. Budget 
The main goal for the budget was not to go over the funding received from the School of 
Engineering. The School of Engineering provided $1,200 for the project. Meanwhile, the Center 
for Sustainability provided $300 for one of the cold frame structures.  
 
Table 2.5. ​Income 
Sponsors Estimated Amount 
Engineering Undergraduate Programs $1,200 
Bronco Urban Gardens $300 
 
Because two structures were built, one for testing in the Forge garden, and one for 
Gardner Academy, the Center for Sustainability provided funds for the cold frame for Gardner 
Academy. Meanwhile the funds from the School of Engineering went to a test cold frame at the 
Forge garden as well as the watering, venting, and control system components. This meant there 
was a budget constraint of $300 on the structure, which was the most expensive aspect of the 
project. The initial decision was to build the structure from scratch, however after looking into 
price of materials, it was determined that there was no way to build a structure without exceeding 
$300. A final design iteration got the price down to approximately $400, but this iteration did not 
utilize the best, most reliable materials. The biggest cost issue for building the structure was the 
plastic. It was hard to find weather resistant polycarbonate that also allowed the ideal UV rays 
for plant photosynthesis that did not have a large price tag. The most cost efficient way to buy 
polycarbonate is in bulk, which was not an option for this project. Ultimately, it was determined 
that a cold frame could be purchased for far cheaper than $300, based on price, materials, time, 
design, and other factors.  
Meanwhile there were ample funds for the subsystems that were comparatively cheap. 
Many electronic and watering components such as valves, microcontrollers, solar panels, and 
sensors were also provided early in the year by Dr. Lee and Dr. Kuczenski to get a head start on 
the project. Table 2.3 summarizes the total expenses for each subsystem. The detailed budget can 
be seen in Appendix C.  
 
Table 2.6. ​Total Expenses 
Challenge Cost 
Structure $559.71 
Watering $82.23 
Electronics $100.50 
Total $742.44 
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 2.7.3. Timeline 
While our team initially struggled with procrastination, a method of keeping each student 
accountable for making progress every week was instigated. This method required each student 
to write down specific tasks they needed to complete for the week on a team google document. 
During weekly meetings the results of these tasks would be discussed and tasks for the next week 
would be assigned. Simulating required homework assignments forced each student to be held 
accountable for making progress every week. The tasks created by each team member for each 
week, as well as the senior design course assignments, and general senior design deadlines are 
organized in a table and a Gantt chart, which can be seen in the form of a Gantt chart in 
Appendix D. 
2.7.4. Design Process 
The design process for this project was very iterative. One of our biggest design iterations 
was for the structure of the cold frame where we gathered information from research and 
customer needs, brainstormed multiple designs, built multiple prototypes, and then determined 
that it was not reasonable to build the structure from scratch. However, the entire design process 
provided valuable insight when it came to purchasing a cold frame. Similar design iterations 
occured with the sprinkler system, the electronics box housing, the electronics circuit, and the 
software logic. Unfortunately, because of the contrictive timeline, there was not enough time for 
more iterations. 
 
Figure 2.8. ​The Iterative Design Process 
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 2.7.5. Risks and Mitigations 
The senior design process involved taking several risks. We considered risks that would 
occur during manufacturing, assembly, testing, operation, display, and storage. Most of the risks 
involved power tools, electronics, and heavy structures. Most importantly, we had to focus on 
how to mitigate these risks, especially during the operation and display stage. The display stage 
was so key because this is when the customer interacts with the cold frame. The main customers 
of the cold frame are the students of Gardner Academy, therefore, it was imperative that the final 
cold frame was safe for children. In order to assess the risk involved with our project, we 
considered the likelihood and severity of the danger. Likelihood refers to how likely an injury is 
to occur. Severity is how serious the injury would be. Table E.1 in Appendix E depicts a risk 
matrix which shows risk levels were assigned to each part of the project. An injury severity of 1 
would be something minor and self-treatable, while an injury severity of 3 would be threatening 
to life or limb. A likelihood of 1 would imply almost impossible and a high likelihood of 3 
means that the injury will likely occur. Based on this matrix a safety procedure was created to 
minimize risk where possible and deal with emergencies when necessary, which can be seen in 
Appendix E.  
After determining the possible risks that could occur during each step of senior design, 
the cold frame never exceeded risk level 2. While there were several potentially dangerous 
situations we never encountered any of these risks in our project. Many of these risks were 
avoided by the established safeguards and procedures to minimize the likelihood of injury. For 
example, when using power tools, the operator always had the appropriate training and followed 
the established protocol, and teammates never worked alone in the machine shop. To ensure 
student safety around the cold frame, the structure was secured to the bench. Existing safety 
protocol within the Gardner Academy garden such as no running, and adult supervision also 
mitigate the possibility of cold frame related injuries. 
2.7.6. Team Management 
The team itself consists of the students, the engineering advisors, the director of Bronco 
Urban Gardens, and the manager of the Forge Garden. The most important aspect of managing 
this team was communication. All members had to know what was going on and what the project 
required. The communication between the student team and the advisors was crucial because 
they ensured that the project was moving forward in the right direction. Communication with the 
Forge was key because the team relied on the Forge as a living laboratory and sometimes needed 
gardening resources and knowledge. The most crucial communication was between the 
engineering team and Gardner Academy, in which Bronco Urban Gardens acted as the 
go-between. It was key to have consistent input on the design from Bronco Urban Gardens and 
the Gardner Community because it ensured that the customer was happy with the project and 
how the project was progressing.  
 As far as the management of the student team, there was not a lot of direct oversight. 
This lack of strict management somewhat led to some issues with procrastination, especially at 
the beginning of the project. Most of this procrastination stemmed from the fact that it is hard to 
hold people accountable for doing work when it is not an actual assignment for class and is not 
graded. To combat procrastination and ensure that each team member made progress every 
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 week, each team member assigned themselves tasks to perform each week. These tasks had to be 
measurable in some way. There had to be evidence of completion by the end of the week like 
photos, videos, drawings, calculations, questions, etc. By breaking the project down into small 
manageable weekly assignments, the team was able to make consistent progress throughout the 
project and meet the necessary deadlines for the corresponding senior design class.  
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 3. Structure 
3.1. Introduction 
The structure is critical because it is used to house the seedlings, as well as all the 
automation. The structure needs to effectively use the space provided at Gardner Academy, be 
durable enough to withstand outdoor conditions for many years, be clear so that it allows sun 
inside for photosynthesis, fit the two main kinds of plant trays, drain well, be easily accessed by 
a child, and maintain reasonable temperatures for germination. The original decision was to build 
the cold frame from scratch. This decision was mostly made because it would allow for 
personalization. In the end it was determined to buy a cold frame that was similar to the intended 
design, but cheaper and made from better materials like aluminum. Once the cold frame was 
determined, two structures were built. One at Gardner Academy, which was built during a 
community build day in December, and one at the Forge Garden to do all the automation testing 
within. The cold frame structure sits on top of a bench made from wooden planks and cinder 
blocks. The bench was a necessary component for the design because it enhanced water 
drainage, which is critical to the germination processes. More importantly however, the bench 
raised the cold frame to an ideal height for students to interact with and look at the plants inside.  
A black open cell mat which holds crushed granite was placed on top of the bench within the 
cold frame. The purpose of this added thermal mass was to maintain warmer temperatures during 
the night, while not impeding drainage too much. While the thermal mass increased temperature 
within the cold frame, a thermally activated vent opener was added to the top of the cold frame 
to keep the temperature within the cold frame during the day from getting too hot. 
3.2. Options 
There were two main options for the cold frame, the first being a structure personalized to 
the given space at the Gardner Academy garden, and the second being a purchasable structure. 
Early on in the quarter, the personalized structure was chosen based on the fact that a 
personalized cold frame could use the space more efficiently than existing products and could be 
customized to the needs of the community. This option was pursued all Fall quarter in 
preparation for the December 1st deadline, however, it was incredibly difficult to keep the cold 
frame cost low without compromising the quality of the design. Keeping a low cost was very 
important because Bronco Urban Gardens gave us a budget of $300 for the cold frame structure, 
and just to purchase plastic, it would cost nearly $400. The cost analysis for each cold frame can 
be seen in Appendix B.1. Because of the money constraint and the lack of time to find other 
solutions, a cold frame kit was purchased for the December 1st community build day. The 
explanation of the two options and the comparison matrix of the final personalized structure and 
the purchasable structure can be seen in Appendix Table B.1. Figure 3.1 is the cold frame that 
was ultimately purchased, Figure 3.2 is the SolidWorks model of the final personalized cold 
frame design, and Figure 3.3 was the initial sketch for the personalized cold frame. 
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Figure 3.1.​ Purchased Cold Frame [33] 
(Used Without Permission from Amazon) 
 
 
Figure 3.2.​ Final Personalized Cold Frame Design  
 
 
Figure 3.3. ​Initial Personalized Cold Frame Design 
 
As seen in Figure 3.3, the initial idea was to section off a portion of the cold frame to 
house the electronics. However, when the cold frame was purchased, it was determined to build 
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 an external electronics housing unit. This was mostly because the purchased cold frame was 
smaller than the designed cold frame. The external electronics housing allowed the entire area 
within the cold frame to be used for plants, while keeping all the electronics organized in one 
location. 
 
 
Figure 3.4.​ External Electronics Housing 
 
It was decided early on to place the cold frame on a bench, which is unlike many other 
typical cold frames currently on the market. This was determined because plants germinate well 
in places with good drainage. A bench with an open cell tabletop allows for this drainage. The 
bench also enhanced garden education by bringing the plants up to eye level for students to look 
at. Like the cold frame, the main two options were to build or buy the bench. Because the 
purchased cold frame came easily under the $300 budget, the initial idea was to purchase a bench 
specifically used for plants, Figure 3.5.  
 
 
Figure 3.5.​ Possible Purchasable Bench 
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 However, it was hard to find a bench that was big enough for the cold frame, but small 
enough for the given garden space. Because of this a personalized bench design was pursued. 
The initial idea was to make a basic table with redwood legs and purchase a plastic mat designed 
for plants, to be the table top, like Figure 3.5. 
 
 
Figure 3.6.​ Initial Personalized Bench 
 
The final bench design ended up being made from cinder block and redwood planks. This 
was because it was hard to find and purchase a sturdy plastic or metal open cell mat for the 
tabletop. The plank design still allows for drainage and redwood is both rot and termite resistant, 
making it an ideal material to use. The design was also chosen because of its durability. The 
cinder blocks being much less likely for students to trip over or push around. 
 
 
Figure 3.7.​ Final Bench Design 
 
There were three main options when it came to the bench tabletop, once the bench design 
was finalized. The first option was to just leave the redwood planks exposed, placing the plant 
trays directly on the wood, Figure 3.7. The second was a basic plastic tarp, which was thought to 
help insulate the cold frame, keeping the temperature inside warmer, Figure 3.8. However, this 
idea prevented drainage. The third was an open cell yoga mat in addition to crushed granite, 
Figure 3.9.  
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Figure 3.8.​ Bench with Plastic Tarp 
 
 
Figure 3.9.​ Bench with Open Cell Mat and Crushed Granite 
 
According to Valley Verde, a non-profit that provides food access through a community 
garden and greenhouse, crushed granite is an easy way to increase temperature within 
greenhouses for seedling germination, while also allowing for water drainage. To test how 
effective the thermal mass was, the cold frame was split into two sections. One section had no 
mat and no rocks, while the other section had the mat and the rocks. Temperature was then taken 
over a three day period, the results can be seen in Figure 6.2. The plot of the temperature over 
time indicates that the rocks did in fact increase the temperature within the cold frame.  
25 
 While the mat and rocks were used to keep the indoor temperature conditions warmer, 
the cold frame also required a way to avoid overheating. It was determined early in the design 
process to proceed with a thermally activated passive vent opener, rather than an electrically 
operated vent opener. This was mostly due to the lack of power in the garden and the success 
with automatic vent openers in other greenhouses. The first vent opener that was purchased was 
unfortunately too large for the cold frame, designed for larger greenhouses, Figure 3.10. The 
second vent opener that was ultimately installed was a similar design, but smaller, Figure 3.11. 
 
 
Figure 3.10.​ Initial Vent Opener 
 
 
Figure 3.11.​ Installed Vent Opener 
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 3.3. Design 
The final personalized cold frame was designed in a way to utilize as much of the given 
space as possible. The given space was 122 inches long by 65 inches wide. This led us to a long 
and skinny design that was also chosen so that more students could crowd around the structure to 
look inside. The cold frame also had to be wide enough to fit the dimensions of the two different 
seedling trays. One tray was 20.5 inches long by 10.5 inches wide and could fit 98 seedlings, and 
the other tray was 17 inches by 17 inches and could fit 16 more mature plants. The height of the 
structure did not matter as much, as long as it was shorter than the chain link fence that runs 
along the edges of the garden. The cold frame mainly had to be tall enough for plants to 
comfortable mature in, reaching a maximum height of 25 inches. The purchased cold frame was 
based on the ideal dimensions indicated by the customer needs and constraints, however it was 
smaller than the possible maximum dimensions.  
 
 
Figure 3.12. ​Purchased Cold Frame Dimensions 
 
For ease of student use, a bench was designed. While students were the motivating factor 
for the added height, the exact height dimension was reliant on the cinder blocks purchased 
which were 7.5 inches tall, 7.5 inches wide, and 15.5 inches long. The length of the bench was 
also dependent on how long the wooden planks were. The redwood planks chosen were 8 feet 
long,  4.5 inches wide, and 0.75 inches tall. No sketches or designs happened for the bench. The 
design process, including the prototyping occurred within the Home Depot the same day the 
bench materials were purchased.  
The electronics box was designed almost as a miniature cold frame. A plastic box, with a 
slanted roof that doubles as a lid. Multiple prototyping iterations occured for the housing to 
ensure the correct roof angle and the waterproof capabilities of the lid. Figure 3.13 depicts the 
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 basic design of the housing unit. Appendix F2 contains the detailed SolidWorks assembly 
drawings. 
 
 
Figure 3.13. ​Electronics Housing Design 
3.4. Supporting Analysis 
An initial prototype for the structure was built based on Figure 3.3. This was before the 
manager of the Forge Garden, Katherine, was interviewed. This interview was very pivotal 
because Katherine is an experienced gardener and greenhouse manager. The most important 
information she imparted was regarding the design and materials of the cold frame. 
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Figure 3.14.​ Initial Cold Frame Prototype 
 
Once the purchased cold frame structure was built, additional precautions were taken to 
ensure durability. Weather resistant silicone caulk was added to every aluminum polycarbonate 
connection, Figure 3.15.  
 
 
Figure 3.15.​ Silicone Caulk 
 
The structure was also tied down at each corner of the structure to the bench with zip ties to 
ensure that the structure cannot be pushed off the bench, Figure 3.16.  
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Figure 3.16.​ Aluminum Frame Zip Tied to Bench 
 
The electronics box went through multiple iterations. The first prototype, Figure 3.17, 
was to gain understanding in the basic shape and how to work with acrylic plastic. 
 
 
Figure 3.17.​ Electronics Housing Prototype 1 
 
The second prototype, Figure 3.18, was more thoroughly thought out, using acrylic cement rather 
than tape. Unfortunately, there were issues with water leakage into the box due to the shallow 
roof angle, and a poor lid design.  
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Figure 3.18.​ Electronics Housing Prototype 2 
 
The third and final electronics housing, Figure 3.19, was successful in preventing water leakage. 
It had a different lid design, made from one smaller piece of acrylic glued go a larger piece so 
that it could sit on top of the box without slipping off. The roof angle was also increased.  
 
Figure 3.19.​ Final Electronics Housing  
 
While there were no obvious water leaks in this design, there were still concerns about 
high humidities harming the electronics. To combat the humidity, a low-cost dehumidifier, 
charcoal, was added to the box, in conjunction with an acrylic divider safety feature, Figure 3.20. 
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Figure 3.20.​ Electronics Housing Interior with Charcoal and Acrylic Divider 
3.5. Description  
An FEA analysis was completed for the structure designed in SolidWorks, Figure 3.2, 
which can be seen in Appendix G1. While this is not completely accurate test of the purchased 
cold frame, it was assumed that the purchased cold frame would act in a similar way when force 
is applied. The first test was run for the vertical, back, corner beam. Following tests simulated 
forces on the entire structure from wind and children applied to the side, back and top of the 
structure. Hand calculations were also completed for the other beams in the structure, which can 
also be seen in Appendix H. The internal stress calculated by hand was 327 kPa, while the FEA 
determined the force to be 377 kPa. While these values are similar they did not quite line up. 
Despite the difference in values, neither value results in failure, given the fact that the maximum 
yield strength of aluminum is about 310 MPa [31]. Because the structure is sold by a well known 
greenhouse and gardening company, structural integrity can be assumed. The strength and 
stability of the structure was further tested by leaving it outside throughout winter and spring 
quarter.  
An FEA analysis was also completed for the electronics housing structure, which can be 
seen in Appendix G2. As seen in the simulation, there was no obvious deformation due to wind 
or children on the structure, with the highest stress being in the center of the wall where force is 
applied. The electronics box has been placed outside for the whole of winter and spring quarter 
and has not been damaged, which is impressive given the number of storms it has faced. 
3.6. Verification 
To test how effective the electronics housing was at preventing water leakage, a simple 
test was performed using paper and washable marker. The idea is that if the humidity gets too 
high, then the marker begins to bleed and smudge on the paper. If the humidity is low, the 
marker looks the same. For this test, one piece of paper was placed outside next to the cold 
frame, and another piece of paper was placed within the electronics housing. Both pieces were 
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 left overnight during a rainstorm. Figure 3.21 depict the results of this test, where “a” is the 
outside paper before the test, “b” is the outside paper after the test, “c” is the electronics box 
paper before the test, and “d” is the electronics box paper after the test.  
 
 
Figure 3.21.​ Washable Marker and Paper Humidity Test 
 
While an FEA analysis was run on both the electronics box and housing, the durability of 
the structure and electronics box was further verified by leaving it outside throughout the winter 
and spring quarters. This was the most accurate way to test if the structure was successful or not, 
because it was subjected to conditions it will have to endure in the coming years such as rain, 
wind, and people. As seen in Figure 3.22, the  structure, bench, electronics housing, rocks, and 
vent were all successfully installed outside in the Forge garden and were not damaged over a five 
month period. Specific verifications of effectiveness, like temperature automation and plant 
growth within the structure can be seen in Section 6. 
  
 
Figure 3.22.​ Cold Frame Structure Assembly  
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 4. Watering System 
4.1. Introduction 
The actual plants that will be housed inside the cold frame will be seedlings that require 
specific conditions to grow successfully. Keeping this in mind, it is essential that each seedling 
in the soil receives the necessary amount of water, but also that the water disperses evenly 
throughout the soil as needed. The Gardener Elementary garden uses rectangular soil trays, with 
individual squares for the seedlings to sprout. 
 
  
Figure 4.1. ​Standard Soil Trays 
 
The soil trays are designed to hold a high quantity of seeds as shown, and has an open 
bottom for excess water to escape. Our watering system would optimally provide water to all the 
surface area of the soil tray without missing the tray and wasting water. The provided water must 
have enough pressure to travel deep into the soil, fully watering the soil tray and dripping out the 
bottom. The system must also be able to attach to a standard hose system, since we will be 
sourcing water from the existing system in the garden.  
4.2. Options 
We had three different options to choose from when considering how to water the plants 
in the cold frame: Sprinklers, drip irrigation, or misters. Sprinklers are able to cover large 
amounts of ground but have less precision, and as a result would be less useful in our scenario. A 
drip irrigation system is effective for smaller areas as it works well with low pressure systems 
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 and does not ruin soil quality with excessive force. Lastly, misters are able to be easily adjusted, 
as well as provide water to a large surface area of soil. The main drawback of a mister is its low 
pressure mist may not be enough to water the soil deeply enough for the seedlings. 
 
  
Figure 4.2.​ Standard Mister Nozzle [15] 
(Used Without Permission from Sprinkler System Store) 
 
 
Figure 4.3. ​Lawn Sprinkler [14] 
(Used Without Permission from Amazon) 
 
 
Figure 4.4.​ Drip Irrigation [13] 
(Used Without Permission from Sprinkler Warehouse) 
 
Another choice in the watering system is the placement and connections into the cold 
frame. Since we are intending to create an automated system that is to be hands-free, the water 
pressure must essentially always be active, with a valve to actually turn on or off the water flow. 
Our watering layout options are described below in Figure 4.5, where “a” is an above misting 
system, “b” is a slotted misting system, and “c” is a rear misting system. 
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 ​Figure 4.5.​ Misting System Options 
 
All of the misting options are observed from the above view of the misting system. 
System “a” has the misters above on the roof of the cold frame. This would well water the area 
of the soil tray, however, create concerns of the water having enough pressure from the cold 
frame roof, or leaves obstructing the water path to the soil. It also may prevent access from the 
user to the seedling trays. Systems “b” and “c” are similar in the fact they both have the misters 
at the same height, slightly above the soil tray. System “c”, in particular, is designed to fit 
between the soil trays. This would result in the most efficient watering, but also a resulting lack 
of adaptability in the design if a different soil tray were to be used. Decision matrices can be seen 
in Appendix B.2. 
4.3. Design 
Our automated cold frame features a small sprinkler system to water the soil thoroughly 
and completely. As mentioned previously, a standard mister system can effectively disperse 
water, but not provide enough pressure needed to water the soil. The sprinkler system provides 
thicker droplets of water to increase the force into the soil and optimally completely water the 
system. In terms of the watering layout, the rear misting system as seen in Figure 4.5 “c”, was 
chosen because of its ability to evenly and thoroughly water the soil trays, as long as a strong 
enough sprinkler nozzle is used. Below is an image of our sprinkler system, fixed along the back 
of the cold frame. The system connects to the standard sized hose system that exists in the 
garden. 
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Figure 4.6.​ Current Watering Layout 
 
The system feature is a PVC pipe system, fixed along the back of the cold frame to 
minimize obstruction to the users. Two yellow sprinkler nozzles then distribute water in a 
circular radius towards the trays. The system is then attached to an electronic water valve, 
enabling flow control and turning on the watering cycle at different points of the day. 
4.4. Supporting Analysis  
Specifically for misting systems, a specification matrix was made to compare the existing 
products in the market, Appendix B.​ ​Each product was evaluated on their adaptability, price, and 
durability. While testing the connections between various hoses to timers or other valves, it was 
found that there was a common problem with leakage. This was due to the two fittings of the 
hose to the valve not fitting perfectly into each other, in particular due to wearing down on the 
outside of the fitting. This presents a concern to our automation system, as to have it fully 
hands-free, the water pressure must always be active so that the plants can be watered by only 
turning on the electronic valve. The valve shuts off when the sensors thresholds are met, leaving 
the valve to contain all the water pressure needed to water the system. To resolve this, thread seal 
tape was applied to expand the fittings slightly to create a leak proof, watertight seal.  
Our original design utilized an oscillating lawn sprinkler. We initially used this particular 
design for its high availability, as well as oscillating feature being useful for reaching the entirety 
of the seedling tray. However, when in testing we found that the sprinkler itself was designed to 
be for larger spaces, and as a result did not have an effective spread of water distribution as well 
as having too high water pressure for the given seedlings, disrupting the soil. Below is a graph of 
the soil moisture content after a watering cycle of the lawn sprinkler, revealing lack of sufficient 
watering towards the edges of the tray, as visible by the sections above the black grid.  
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Figure 4.7. ​Soil Moisture Distribution - Lawn Sprinkler 
4.5. Description 
Due to the reduced diameter of the mister system, the water can be run at a low pressure 
and still successfully provide water to the soil trays. This is evident with the use of Bernoulli’s 
equation,  
                              Eq. 1 
With the potential energy factor cancelling out as they are at the same height, the velocity and 
pressure must change to maintain the balance in the equation. By reducing the diameter of the 
hose, the velocity of the fluid effectively increases. A slight pressure drop occurs due to the 
Bernoulli Effect, which decreases pressure as velocity increases. The standard ⅜” hose fitting is 
reduced to ¼” diameter along the mister hose, and reduced to an even smaller diameter to 
produce the mist. This reduced pressure is still enough to successfully power the system, with the 
misters providing water as intended. Further testing can be done to optimize the output of the 
misters, and ensure that the surface area of the soil trays are completely watered. 
Our system was also based around a logic system to determine whether the watering 
cycle would turn on or not. Due to the higher humidity created by the cold frame, as well as 
potential rain humidity increases, there are moments when the soil would still be too humid to be 
watered. In this case, we designed our logic to water if the soil humidity is below a certain 
threshold, meaning it is dry. 
 
38 
  
Figure 4.8.​ Watering Logic 
 
There is also a button override, enabling the system to begin a watering cycle. We input 
this into our system to enable interactivity with our system, for example if a teacher wanted to 
watch a watering cycle with a group of students. If either of our conditions are met, the valve 
will then open for 120 seconds, and close. The system first checks at 6AM. Watering early in the 
morning is important because it is not as hot outside, which means that less water evaporates. We 
wanted to ensure our system would not overwater, and as a result designed the system to only 
check the watering threshold two more times throughout the day. This also ensures the system 
would not become overly dry on a hot, dry day.  
4.6. Verification 
To verify the effectiveness of our system we used a spatial distribution test. This was 
comprised of a series of cups in a seedling tray, to replicate the soil trays. The cups were then 
measured by weight and then input into a spatial distribution graph. Below are the spatial 
distribution graphs of the first lawn sprinkler iteration, as well as our final design. 
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Figure 4.9. ​Spatial Distribution of Water with Lawn Sprinkler 
 
 
Figure 4.10. ​Spatial Distribution of Water with Sprinkler 
 
The yellow areas present the drier areas of the seedling trays, which do not receive 
adequate water. As notable in Figure 4.9, the lawn sprinkler was unable to water the section 
directly beneath the sprinkler, the bottom of the graph, and as a result shows a large yellow 
section. The improved spatial distribution in Figure 4.10 reveals a much improved distribution 
with no yellow sections. While the center and far edges of the graph are the darkest blue, the rest 
of the graph reveals a sufficient distribution of water with all areas receiving at least 5 ml water. 
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 5. Electrical System 
5.1. Introduction 
The electrical system of our cold frame will function as the control for the automation. 
Our control system requires that we be able to detect the conditions within the cold frame. In 
order to properly automate the watering system, there must be a sensor input to detect how much 
moisture is in the soil. The control system should send this data to a microcontroller, which can 
determine things like whether the plants need more or less water. Once the decision has been 
made by the microcontroller, it can send a signal to the valves or display current water levels. 
Because the system will be used to facilitate the growth of seedlings and other sensitive plants, it 
is important that the system be able to accurately maintain the desired conditions in the cold 
frame. It is also important that the electrical system be robust and able to run without human 
interaction for extended periods of time. This is to ensure that the plants are properly cared for in 
the absence of people checking on them. The final feature of our system is the user application 
functionality. For our system to be engaging, the users should have access to system controls and 
data for educational and diagnostic purposes. The teachers and staff already incorporate iPads 
into their curriculum, so the system should be able to interface with them. 
5.2. Options 
There were several available microcontroller options for the project. The controller had to 
be powerful enough to actuate the water valves without drawing too much power. After 
considering Raspberry Pi and several Arduino models, we determined that the Arduino Mega 
was the best choice. The Arduino Mega offered robust input and output capabilities and is a 
system that is familiar to the team members. When considering the moisture sensor, there were a 
few options sold by a variety of vendors. Table 12.11 shows the sensors we considered and some 
of the factors that influenced our decision making. We determined that the Kuman soil moisture 
sensors would be the best because they were cheap and were specifically compatible with 
Arduino. Next, the electric valve used to turn the watering system on and off was considered. We 
decided that we needed a durable fitting, and didn’t need the most sophisticated actuator 
available. We settled on the mid-range option as shown in Table 12.9. The 10V Plastic Solenoid 
Valve was suitable for our needs because it was easy to control and affordable. The final 
consideration was the battery and solar panel to power the system. Because the expected power 
needs of our system were relatively low, we determined that a 12V lead acid battery would be 
sufficient. Paired with the Eco-Worthy 10W solar cell, the battery would be consistently able to 
meet the power needs of our system. For the application component, both bluetooth and wifi 
options were considered. However, due to the technology being familiar to the team and the 
users, an HC-05 Arduino bluetooth module was selected. This solution was paired with the 
Blynk service, which offers customizable applications for bluetooth.  
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 5.3. Design 
The electrical system was designed to be off the grid because the garden space available 
does not have easy access to an electrical outlet. This meant that the system must be as energy 
efficient as possible, as well as consume low power overall. The system’s predicted power 
consumption based on selected components was ~660mW and the heating pads considered drew 
power upwards of 15W. Due to this restriction, the system was designed without any active 
cooling or heating systems, as these would increase our required battery capacity to unreasonable 
scale. The largest expected power draw on the system is the electric valve. The two options for 
powering the system were determined to be via direct solar power or a battery charged by a solar 
panel. In our research, the cost of solar cells capable of generating enough energy to power the 
system reliably would be too expensive, upwards of $200.00. However, using a battery in 
conjunction with a small solar cell was sufficient to recharge the energy used when watering the 
plants. Additionally, a charge controller was implemented to efficiently utilize energy generated. 
The charge controller will power the system directly when sufficient solar energy is available, 
and use any excess to charge the battery. It will also use battery power when the sun is down and 
no solar energy is being generated. 
The design follows the basic automation cycle, shown in Figure 5.1. The system starts by 
sensing the environmental conditions. It will use the moisture sensor to determine how much 
water is in the soil and send the sensor signal to the Arduino microcontroller. 
 
 
Figure 5.1.​ Automation Cycle 
 
Next, the Arduino will parse the sensor information and decide whether the system needs water. 
In our case, the controller can determine if the soil is below the programmed moisture value of 
42%. If water is required, the Arduino will then check if it is a good time to water. If it is too hot, 
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 the water will heat up and damage or even kill the plants. Therefore, the system will not water in 
the middle of the day when temperatures are highest, and instead will only water in the morning 
or afternoon. The cycle will repeat and maintain the soil humidity required for the seedlings to 
grow. In addition to the soil moisture sensors, temperature sensors were also incorporated into 
the system. Because of the design decision to use passive temperature regulation, the sensor data 
is provided to give the user more information on the cold frame conditions and not part of the 
control loop. The Arduino will parse the temperature input and record the data so that users can 
determine if the system is performing optimally. 
5.4. Supporting Analysis 
In order to determine the expected power consumption of our system, we tested using a 
power supply to see how many Watts the valve would draw. As shown in Figure 5.2 below, the 
valve, when opened, requires approximately 5 Volts and draws 0.14 Amps of current.  
 
 
Figure 5.2.​ Valve and Power Supply 
 
 
Figure 5.3.​ Electric Valve Connection 
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Similarly, the current draw from each of the components was measured to predict the actual 
power required. Figure 5.4 below shows the testing of the current generated by the solar panel, 
which will be compared with the power draw. 
 
 
Figure 5.4.​ Solar Panel Testing Setup 
 
Finally, the total power consumption was compared to power generated in Table 5.1. Without 
considering the variations in power consumed and generated throughout the day, the system has 
ample power to maintain automation. 
 
Table 5.1.​ ​Electronics Power Consumption 
Item Current [mA] 24 Hour Power [mAh] 
Arduino Mega -200 -4800 
Valve -140 -700 
Humidity Sensor -200 -1000 
Solar Panel +50~1900 +7200 
Total - +700 
5.5. Description 
The Arduino Mega uses a coding language similar to C++. The code will check the 
conditions within the cold frame every 15 minutes. The system will record the temperature and if 
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 it detects that the soil is dry and it is a good time of day to water, it will actuate the valve for 60 
seconds and check again. The Arduino is also connected to the bluetooth module and able to 
communicate via the Blynk application Figure 5.5 below shows the user interface that is 
available to view.  
 
 
Figure 5.5.​ Blynk Bluetooth Application User Interface 
 
The application enables the users to check the current temperature and soil moisture of the 
system. It also allows users to actuate the valve directly or schedule a specific time to water. The 
Blynk functionality provides opportunities for interactive learning within the school curriculum. 
5.6. Verification 
The final verification of the system was to measure the amount of charge in the battery 
and ensure that the system was able to maintain function. By measuring battery voltage 
throughout the day, we were able to verify that the battery remained almost at maximum 
capacity, only dropping to 12.3 V at the lowest point. Figure 5.6 shows the battery voltage 
measured over 5 consecutive days, with each day separated by red lines. The period of testing 
was mostly sunny and warm. 
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Figure 5.6.​ Battery Voltage Over Time 
 
As the sun rises and the solar cell increases in power generated, the battery voltage 
increases. Once the sun sets, the system begins draining the battery until reaching the low point, 
around sun rise. In order to function, the system needs at least 9V to maintain consistent power 
and our testing showed that the battery maintained more than enough charge to continuously 
power the system. This testing was conducted with the full system function, which includes the 
soil moisture sensor, temperature sensor, Arduino, valve, solar panel, and battery. The system 
ran continuously, watering the plants in the cold frame and recording the data, for the entire 
testing period. Thus, it can be concluded that our system is energy efficient because it effectively 
utilizes the power available. 
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 6. Systems Integration, Test, and Results 
Testing was conducted to verify the automated watering system. In order to be 
successful, we wanted it to actuate the valve at the proper times, when the soil humidity was 
below the threshold. By recording the humidity data sensed by the Arduino, we were able to plot 
the soil moisture over time for the system. Figure 6.1 shows the humidity of the soil, with the red 
lines representing when the system watered. 
 
 
Figure 6.1. ​Soil Humidity Over Time 
 
As shown, the system maintains the humidity of the system above the set threshold, with the only 
exceptions being when the system determined that it needed to wait until the appropriate time of 
day. The plants were properly maintained in soil with sufficient moisture to grow.  
The next tests were to quantify the effectiveness of our thermal mass system. The cold 
frame was separated into two sections, one with and one without the mat and granite. The 
temperatures were then recorded via the Arduino and temperature sensor. Figure 6.2 plots the 
temperature in degrees Celsius over time.  
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Figure 6.2. ​Temperature Over Time 
 
The temperature within the cold frame section with added thermal mass was maintained at 
several degrees higher than the bare section. Because the cold frame was sectioned off using 
acrylic panelling, the two sides were not thermally isolated. However, even with some heat 
transfer from the warmer side, the section without the thermal mass still performed worse. 
Additional thermal mass added to the system could improve the performance of the system and 
better maintain ideal temperatures. Although the temperature within the cold frame is still below 
the ideal range for summer plants, the data taken was during the spring and therefore colder than 
expected summer temperatures.  
After assembling the structure of the cold frame, three batches of 24 seedlings kale 
seedlings were planted. One batch was placed in cold frame, outside, and in the Forge Garden 
greenhouse. At this time, the automated watering system, thermal mass and automatic vent were 
not implemented. The outdoor kale served as the control, being exposed to the elements, while 
the greenhouse kale was the desired performance because it was maintained by a professional 
garden manager. Figure 6.3 tracks the average height of the seedlings over time. The raw plant 
height data can be seen in Appendix J. 
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Figure 6.3. ​Non-Automated Kale Growth 
 
The cold frame and greenhouse kale sprouted at approximately the same time but the 
greenhouse kale shows significantly faster growth over the measured period. This is likely due to 
the inconsistent watering schedule of the cold frame, being watered by the team whenever 
convenient. However, the cold frame kale performed much better than the kale planted outside, 
which hardly sprouted or grew. The standard deviation of the plant height data for each point 
was relatively low, ranging between 0.2 inches and 2.7 inches. The difference in plant height 
between the greenhouse and the cold frame was approximately 3 inches by week 4. By week 7, 
this difference rose to approximately 16 inches. This large difference in plant growth was also 
caused by what Katherine Rondthaler, the manager of the Forge, diagnosed as a nitrogen 
deficiency in the soil of the cold frame kale plants. The deficiency occurs when the plants are not 
moved up into a large seedling tray with new soil quick enough. Even though this mistake 
affected the data, we can still conclude that the structure of the cold frame offers superior 
seedling germination conditions compared to an open garden, but does not provide the necessary 
germination conditions for the plants to grow as well as they grow in the greenhouse. The health 
of the plants can be clearly seen in Figure 6.4, which compares the greenhouse versus the cold 
frame kale plants after their initial sprout, “a” and “b” respectively, at the beginning of week 7, 
“c” and “d”,  and at the end of week 9, “e” and “f”. 
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Figure 6.4. ​Greenhouse Versus Cold Frame Kale  
 
Having achieved full automation with the electronics and watering system, we were able 
to test another round of seeds. This time, the batches of 12 cucumber seeds were planted and 
placed in the cold frame, outside, and in the Forge greenhouse. Again, the greenhouse plants 
were maintained by the garden manager at the Forge. Figure 6.5 shows the greatly improved 
growth of the plants in the cold frame with automation implemented. 
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Figure 6.5. ​Automated Cucumber Growth 
 
With the temperature and watering controls of the system, we were not only able to reach 
the performance of the greenhouse plants but surpass them. The cucumbers in the cold frame 
grew the fastest out of the three experimental groups and the outdoor cucumbers failed to sprout. 
The standard deviation of the plant height data for each point was relatively low, ranging 
between 0.24 inches and 1.5 inches. Standard deviation increased as time increased, due to plant 
growth compounding over time. The difference in plant height between the cold frame and the 
greenhouse was initially 0.72 inches, indicating that the seedlings in the cold frame sprouted 
more than seedlings in the greenhouse. Over time, the plant height difference decreased. By day 
13, the difference was 0.28 inches, and by day 24 the greenhouse plants were actually 0.11 
inches taller than the plants in the cold frame. From this test, we conclude that the automated 
cold frame is successfully able to germinate seedlings and increase growth. Figure 6.6 shows the 
greenhouse versus the cold frame kale plants after their initial sprout, “a” and “b” respectively 
and on day 24,  “c” and “d”. 
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Figure 6.6. ​Greenhouse Versus Cold Frame Cucumbers  
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 7. Cost Analysis 
Bronco Urban Gardens provided one of the cold frame structures. Bronco Urban Gardens 
was willing to provide up to $300, which put a constraint on the structure built. However, 
Bronco Urban Gardens also provided our team with soil, seeds, plants, and gardening tools. 
Matching funds from the School of Engineering Undergraduate Programs were required to build 
the second cold frame structure. Additional funds for the automation system were also provided 
by the School of Engineering Undergraduate Programs. A detailed budget can be seen in 
Appendix C. 
 
Table 7.1.​ Income 
Sponsors Estimated Amount 
Engineering Undergraduate 
Programs 
$1,200 
Bronco Urban Gardens $300 
Total $1,500 
 
Table 7.2.​ Total Expenses 
Challenge Cost 
Structure $559.71 
Watering $82.23 
Electronics $100.50 
Total $742.44 
 
In building our prototype cold frame, our main goal was to test how feasible the 
construction of the cold frame would be. This allowed us to use cheaper materials that still 
functioned how our final build materials would. Due to the close deadline of the Community Day 
at Gardner Academy, at the end of Fall Quarter, in which we are installing the cold frame, the 
construction and purchase of the cold frame was the first priority before investing into the other 
parts. This is also important as the structure of the cold frame would in turn have ramifications 
on our automation design. 
With installing the physical cold frame in the Gardener Academy garden on December 
2nd, we were therefore able to purchase our test cold frame that was housed in the Forge Garden, 
and constructed during Week 1 of Winter Quarter. Our next purchases dealt with the other two 
existing sub-systems, the watering system and the control system. Through research done in the 
fall quarter, the next purchases would be individual pieces of the equipment. Essentially, the goal 
was to purchase individual parts and test them in our automation system, and then following 
successful experimentation and benchmarking would we then finalize order our parts. The first 
pieces for this phase was the misting system, and temperature and humidity sensors for the 
control system. Once we are able to finalize and mass order our parts, we planned to have 
another round of prototyping with our more whole system. After successfully automating our 
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 cold frame system, we can then move towards goals such as educational outputs or a rainwater 
collection system to further improve the sustainability of our system. 
While in the experimentation phase, small obstacles led to increased minor purchases. 
For our watering system, the original sprinkler system was replaced with a smaller, more 
concentrated sprinkler system for the space necessary. In terms of the electronics, additional 
parts such as a buck converter and bluetooth module were added to increase efficiency and safety 
of our system. Lastly, the structural cost increase was due to the integration of redwood as a 
bench structure, to improve outdoor durability. Ultimately these purchases raised our overall 
expenses, however we were still comfortably under our maximum budget. 
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 8. Business Plan 
The purpose of this chapter is to simulate the process of preparing a business plan that 
could be shown to prospective investors. This chapter includes information about potential 
markets, competing companies, marketing strategies, pricing, manufacturing, and servicing. 
8.1. Introduction 
The Seedling Sanctuary is designed to increase garden efficiency by ensuring seedling 
germination as well as acting as an educational tool for children. Our system is able to function 
on a larger scale than its competitors in the market. Our product is unique in the fact it is able to 
support a high number of seedlings while also acting as an educational tool. We plan to 
incorporate The Seedling Sanctuary into other local school gardens, and continue to provide a 
unique, interactive experience that ultimately improves garden efficiency. 
8.2. Objectives 
The goals of the business would align with the goals of this particular cold frame, which 
is to lengthen the growing season, minimize maintenance and enhance garden education. Moving 
forward, to distinguish our business, there could be a more of a focus on the educational 
component of the cold frame. We hope to compete by providing specialized cold frames for each 
space we enter. 
8.3 Description 
The key technology is a smart cold frame. A cold frame is basically a miniature 
greenhouse that opens from the top. The smart aspect is the fact that it waters and vents on its 
own with the use of sensors and actuators. The system also has bluetooth capabilities, allowing 
individuals and especially students to understand what is happening within the cold frame. The 
functionality will decrease costs by creating the opportunity to start plants at seedlings.  It will 
ultimately increase garden output yield as well as be an interactive opportunity for students. 
8.4 Potential Markets 
While we designed our particular system for an elementary school, its main function can 
easily fit into any at home garden. It’s particular size is optimized for personal gardens, and is a 
small add on to any garden which can greatly increase overall plant yield. According to the 
National Gardening Association, 35 percent of households in the US grow food at a community 
garden or at their home garden [32]. Currently, most people who buy cold frames, just purchase 
the structure. These people are typically ametuer gardeners. The Seedling Sanctuary also can be 
installed into larger scale gardens. Even at our local Forge Garden, we only have a large 
greenhouse, with no automation. Our product will be great for this market as it does not have a 
high technical barrier to use, as it was originally designed for 4th and 5th graders. We would 
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 likely begin selling to local gardens and households, and continue to improve our design until 
reaching out to greater communities. 
8.5. Competition 
There are no companies that currently sell automated cold frames. When looking at the 
different subsystems of our project, we can examine the individual markets of each part. When 
looking at the structure, we find companies such as Cedar Cold Frames, who design highly 
durable systems with passive thermally activated systems, for a higher price of $210 up to $615 
[17]. The system we are integrating is a similar price range, but will have the added capability of 
being automated. In terms of automation, there are existing sensor applications that can record 
data for their commercialized greenhouses, but are mainly used as remote controllers rather than 
being completely automated. Lastly are watering systems, which do offer temperature regulation 
as well as interval watering. However with the specific conditions for the seedlings paired with 
the microclimate of the cold frame, the timer system simply does not account for the necessary 
conditions, especially when high humidity leads to no need for an additional watering cycle. 
In terms of larger scale, there is a rise in the automation of the agricultural industry. 
Particularly vertical farming such as OnePointOne, they focus on automation on large indoor 
farms. While they may be able to affect local chains, the goal of our product is to assist at-home 
and at-school gardens in harvesting their own food. Simply, the focus of our customer is the less 
experienced gardener, looking for ways to increase yield of gardens without increasing labor 
needs. 
8.6. Marketing Strategies 
The initial strategy would be to market towards schools that already have a garden 
education program in place. Because the product in the current form is targeted at extending the 
growing season, the schools that already have staff with experience in gardening will be able to 
immediately benefit from our product. These schools would be able to replant the seedlings into 
a larger outdoor garden once they reach maturity. Another avenue of marketing is through 
programs like BUG that have existing relationships with community gardens. These programs 
would likely benefit from the automated cold frame system in the same way that the Gardner 
community did. 
8.7 Manufacturing Plans 
With more orders of our system, we would likely be able to order more material in bulk 
and as a result lower the manufacturing costs. Instead of purchasing a cold frame kit as we did 
for our original project, we would be able to manufacture our own cold frame design and as a 
result save costs. We hope to design a user-friendly system that anyone would be able to put 
together and install, to lower installation labor needs.  
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 8.8. Product Price 
The cost of the entire structure and automation is approximately $500. To make a profit, with the 
addition of production, manufacturing, installation, and labor fees, the cost of the system would 
be about $750. 
 
Table 8.1: ​Final Cost of System 
Challenge Cost 
Structure $360.75 
Watering $36.45 
Electronics $100.50 
Cost $497.7 
Price $750 
 
This is a good price given the fact that there are no companies on the market right now that 
currently sell an automated cold frame structure. If one was to purchase a cold frame structure 
kit, as well as a watering timer, sprinkler, and vent opener, the price would be approximately 
$497.70. 
8.9. Service and Warranties 
Ideally, the structure and bench will be a more durable design that lasts a long period of 
time. The electronics would also be smaller, more durable, and easier to interact with. Once 
purchased, someone will come into the given space and personally install the structure and all of 
its features. We would include a 5 year warranty, with on-call service. We would hopefully be 
able to train our customers to learn about the arduino automation systems, to eventually 
troubleshoot themselves. The most worrying aspect would be if there is a glitch with the 
electronics or if the solar panel fails. This service would be free and included with the cost. 
8.10. Financial Plan 
We would likely reach out to local businesses first, especially ones that are community 
oriented. Considering that the product would benefit the local community and school systems, 
we would hope to obtain investments from the cities in which we would install our systems. As 
our incomes increase, we would hope to improve our quality, as well as find ways to reduce cost 
in material integration and manufacturing.  
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 9. Engineering Standards and Realistic Constraints 
The purpose of this chapter is to discuss the various ethical, sustainability, and 
environmental standards were met by our project as well as how the project stayed within the 
realistic economical and safety constraints. 
9.1. Economical 
The implementation of an automated cold frame system would increase potential yield, 
and therefore increase the income of a gardening system. Although the cold frame does have a 
high initial cost, the improved efficiency will lead to an increased produce that eventually be able 
to return the initial investment. The initial cost is mainly comprised of the material cost, as the 
assembly can be done without specialized training, which saves potential labor costs. In terms of 
ownership and maintaining the cold-frame, the only aspect that would need funded is the 
batteries of the automation system. Through investing in a solar powered system, the initial cost 
would once again be raised but ultimately decreasing energy costs in the long term. Due to the 
solar panel being reliant on climate, the solar panels can be considered a risky purchase due to 
inconsistent weather conditions, especially in California. Although watering the plants is an 
expense, the automation system would actually lessen the water usage due to its higher 
efficiency, decreasing cost of water. 
The producer would ultimately able to profit more from an increased yield in integrating 
an automated cold frame. From the consumer perspective, the increase of produce would lead a 
decrease in price for the purchaser. Both the producer and consumer would eventually 
economically benefit from a cold frame system, although the producer would take a temporary 
loss from the initial cost of the cold frame.  
9.2. Sustainability 
While greenhouses are generally known as being positive structures that efficiently 
produce food, many greenhouses today struggle with sustainability. Greenhouses, especially 
commercial ones, require a huge amount of water, fertilizer, and energy, and output a huge 
amount of vegetable waste, plastic sheeting and phytosanitary product containers. Ways to 
improve sustainability include solar panels, rainwater collection, water recycling, or compostable 
plant containers. Our system is expected to have a long life-span, increasing to the sustainability 
of the project. The individual product parts also could have other potential future uses, such as 
cinder blocks. Through our educational outputs and community builds, we also educate youth as 
well as the entire community about the importance of sustainability.  
9.3. Environmental 
The cold frame is designed specifically for one specific community and space, being 
Gardner Academy. The manufacturing or build process of the cold frame structure will be a 
community effort. Because a community must build the structure, the build process is very 
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 straightforward and safe. To improve accessibility in our design, the cold frame will feature a 
section designated for the arduino and other automation pieces. Due to the rectangular design of 
the cold frame, it will be easier to incorporate straight hosing as well as wiring into the cold 
frame. All parts can be assembled with a standard tool kit, with experience in drilling or 
sautering being an advantage in assembling. Our system will also feature a modular design, 
based on the plant type’s needs. This is achieved through attachable hose extensions, and excess 
sensor ports in our control system.This allows for the system extended or reduced as needed. It 
builds upon current resources without needing to use additional resources that may be wasted in 
future iterations and improvements.  
9.4. Ethical 
Our cold frame project has many aspects of frugal innovation and need based ethics. The 
cold frame will be placed in a lower income school area and the produce will go to the staff and 
students, as well as their families. By incorporating the students, teachers, and local community 
in the planning, building, and maintenance of the cold frame system, the project will evoke a 
sense of ownership and pride rather than charity. Additionally, we have chosen components and 
designed our system to be accessible. If a part of the cold frame breaks, the replacement should 
be easy and affordable.  
9.5. Health & Safety 
A cold frame would be very beneficial, because unlike a community garden, a cold frame 
can be designed to maximize the amount of food produced given a space. It would also allow 
extend the growing season of certain crops. By integrating a greenhouse into an elementary 
school curriculum, children can gain a lot of knowledge about nutrition, science, or even art. An 
elementary school also can be used to access an entire community in a way that does not make 
families feel like they are getting a free handout. Instead families that participate in the 
elementary school’s community would be able to have access to nutritious food. Another large 
concern is the safety of our structure. Because it will be interacted with by children, we must 
ensure our system is safe and child-proof. Our design uses heavy cinder blocks as well as 
fastening the cold frame down to ensure structural integrity. By combining these aspects, we are 
able to create an interactive yet safe system for the children of Gardner Elementary.  
  
59 
 10. Conclusion 
 In the end, the general project aligned perfectly with Santa Clara’s Strategic Vision 
because the student team applied and shared our technical knowledge to service the needs of the 
local Gardner community. By incorporating a control system to maintain the conditions required 
for seedling germination, the cold frame was able to meet our goal of being maintenance free. 
Our testing verified that the system was capable of watering the plants at the appropriate times, 
removing the need for daily watering, or in some cases multiple waterings per day. The cold 
frame is also able to cool itself passively with the thermally activated vent and maintain heat at 
night with the added thermal mass. The addition of bluetooth connectivity also allows users to 
check the system without physically interacting with it. The next goal of lengthening the growing 
season was achieved by growing seeds in the cold frame. Because crops can be germinated in 
controlled environments and immediately planted when the season begins, the cold frame is able 
to lengthen the harvest by growing the plants until they are ready for transplanting. The plant 
growth data collected verified that the cold frame system is able to grow the plants faster and 
give them an advantage when being planted outdoors. The bluetooth connectivity and app 
support of the project helps to enhance the garden education in the local community.Teachers 
can show students what the temperature and humidity conditions are within the cold frame and 
how the system operates. The teachers will also be able to increase the diversity of plants in the 
garden with the cold frame, thereby increasing the variety of the material covered.  
Future improvements to the project would center around the interactivity of the system 
and further refinement to the controls. First, we would like to implement a wifi based solution to 
the electronics to better track the data. This would enable easy remote access from a website and 
students and teachers would be able to check the conditions and logged data from anywhere. 
Next, the ability to better control temperature could be a significant improvement. Because we 
are working in California, the climate is moderate and temperatures do not go too high or low. 
For our system to be able to grow seedlings in more extreme climates, additional means of 
temperature control would need to be implemented.  
The team was satisfied with the design and performance of our project. The system will 
see immediate use in the Gardner community and aid in the Bronco Urban Gardens program 
there. We expect that the system will serve as an interactive and educational tool for students to 
gain understanding about plants, temperature, humidity, science, and engineering.  
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 Appendix A: Customer Interviews 
A.1. Lisa Martinez - Bronco Urban Gardens Director and Educator 
● What kind of features do you want? 
○ Safe 
○ Solar powered 
○ Automated watering 
● What is the size of the greenhouse? 
○ Cold frame 
○ Relatively small, no walk-in greenhouse 
○ Dimensions: 10’2’’ x 5’5’’ 
○ Wants most of the space to be utilized 
● What kinds of plants do you want? 
○ Flowers (annuals) and vegetables 
● What safety features are important? 
○ Theftproof 
○ Vandalism-proof 
○ Locks 
○ Rat proof 
● How many people expected to use the cold frame? 
○ For the 4th and 5th grade 
○ 20-30 kids per class 
● What are the power needs and or limitations? 
○ No power → solar, space gets sun all-day 
○ There is irrigation currently in the space 
● What kind of maintenance and upkeep does this area get? 
○ Lisa is in the garden 2-3 times a week 
● What are the summer plans and programs at Gardner? 
○ There is a summer internship, in garden 2-3 times a week 
● How stand-alone do you want the greenhouse to be? 
○ Fully off-grid 
● What kind of curricular needs do you want? 
○ Community build session occurring November 17th 
○ Science requirements 
○ Integrate some art into the surrounding structure 
● What price should the cold frame structure be? 
○ Between $100-$300 
○ BUG will also provide plants, soil, etc. 
● Where does the produce from the garden go? 
○ Goes to faculty and staff 
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 A.2. Students - 4th and 5th-grade Mixed Classroom 
(approximately 25 students) 
● What are your favorite plants/what plants do you want in the cold frame? 
○ Flowers: sunflowers, roses, jasmine 
○ Vegetables: peas, carrots, dandelions 
○ Fruits: mango, strawberries, peaches, oranges, watermelon, tomatoes 
● What do you know about greenhouses? 
○ They protect plants from the cold/outside 
● Do you like gardening? 
○ Half and half yes and no 
○ Don’t like dirt 
○ Don’t like getting dirty 
○ Like picking fruits/vegetables/flowers 
○ Like watering the plants 
A.3. Faculty - Ms. Alvarez, 4th/5th Mixed Classroom Teacher 
● What features do you want? 
○ Up to us 
○ Focused on integration into the curriculum 
● How much interaction does your class have with the gardening space? 
○ Between 45 minutes and an hour every 2 weeks  
● What curriculum are you aiming for? 
○ Science mixed with English/Language 
○ Kid friendly articles about the purpose of greenhouses 
○ Some art (not a huge emphasis) 
A.4. Katharine Rondthaler - Forge Garden Manager  
● Amount of crop expected to produce? 
○ As many germination trays as possible 
● What are the pros and cons of a cold frame? 
○ Used to grow seedlings → a protected environment for plants to germinate 
○ Optimize space in the garden because plants are ready to go → optimizes 
production by starting the growing process earlier  
○ Increased production means more produce which can lead to community plant 
sales 
● What plants do best in cold frame? 
○ Focus on vegetables 
● What plants grow well in California? 
○ Vegetables 
● What kind of irrigation, drip,  sprinkler, etc.? 
○ Heavy mist → rainwater simulation from above 
66 
 ● How does the rainwater collection system in the forge work? 
○ Butter system off roof connected to a pump 
● How do you control pests/rats? 
○ Place cold frame off the ground 
● How big should cold frame be? 
○ As many germination trays as possible 
○ At least 42 inches tall (3.5 feet) 
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 Appendix B: Decision Matrices 
B.1. Structure Decisions 
Table B.1.​ Cold Frame Comparison  
(Bold indicates the superior product for each consideration) 
Consideration Personalized Cold Frame Purchasable Cold Frame 
Size Length = 90 in. 
Width = 21 in. 
Front Height = 24 in. 
Back Height = 30 in.  
Length = 71 in. 
Width = 21 in. 
Front Height = 15.5 in. 
Back Height = 20 in.  
Main Materials Frame: 2 in. by 4 in. redwood 
lumber 
Walls: 1/16 in. polycarbonate 
Frame: aluminum 
Walls: polycarbonate 
Price $407.66 $62.99 
Door Placement Front  Top  
Number of Doors 2 3 
Team Labor 1. Purchase materials in store 
(11/17-11/25) 
2. Make build day instruction 
manual (11/17-11/25) 
3. Machine materials 
(11/26-11/28) 
4. Edit build day instruction 
manual (11/26-11/30) 
5. Build day (12/1) 
Plan leading up to build day: 
1. Order cold frame on 
Amazon Prime (11/17) 
2. Cold frame arrives by the 
latest of (11/28) 
3. Check to ensure all parts 
are included and the 
instructions are 
understandable 
4. Build day (12/1) 
 
Size ​: The plot dedicated to this project in the Gardner garden has a total length of 122 inches and 
a width of 65 inches. The personalized cold frame is definitely preferred because it utilizes more 
space and is taller, allowing for older and bigger plants. These dimensions can be seen in Figures 
2 and 4 below.  
 
Main Materials​: While redwood is a really good wood option for the frame because it is 
resistant to insects, decay, shrinking, and warping, aluminum is generally a better material that is 
more durable. 
 
Price​: We did not initially believe that our cold frame would be this expensive, but that is 
because we initially believed we could use a cheaper plexiglass material for the walls and a 
cheap wood for the frame. To ensure a decent product that will not fail in a year or two, we had 
to look at more expensive options. Despite this, the purchasable cold frame manages to utilize 
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 better materials, and produce a significantly cheaper product than what we can provide. This is 
probably due to the fact that they can buy materials in bulk.  
 
Doors ​: As for the door design, having the front side being a door is more ideal because it allows 
easy user access. However, if the cold frame is placed on a table or bench that is lower to the 
ground, a top door will not impede ease of use as much. For the number of doors, more doors 
definitely improve user experience, but are more expensive, which is why the personalized cold 
frame only has 2 doors.  
 
Team Labor​: Our team is fully prepared to put in the work these next two weeks to prepare the 
personalized cold frame for the build day. However, it will be time consuming, which adds more 
stress to an already stressful time of year. By purchasing a cold frame, a lot of this work time is 
decreased, which in turn decreases the stress on our team. 
 
Table B.2.​ Personalized Cold Frame Cost Analysis 
Material Quantity Price of 
1 
Total 
Price 
Total Price 
with Tax 
Link 
2’’ by 4’’ Redwood 5 $11.98 $59.90 $64.24 https://www.homedepot.com/p/Mendo
cino-Forest-Products-2-in-x-4-in-x-10-
ft-Construction-Common-Redwood-Bo
ard-436348/206075379  
2 1/2” Screws 2 $7.98 $15.96 $17.12 https://www.homedepot.com/p/Grip-Ri
te-8-x-2-1-2-in-Philips-Bugle-Head-Co
arse-Thread-Sharp-Point-Polymer-Coat
ed-Exterior-Screws-1-lb-Pack-PTN212
S1/100173447  
1/16’’ Polycarbonate 6 $44.10 $264.60 $289.08 TAP plastics 
Door Hinges 8 $2.77 $22.16 $23.77 https://www.homedepot.com/p/Everbilt
-3-1-2-in-x-1-4-in-Radius-Satin-Nickel
-Door-Hinge-14985/202558077  
Theft Latch 2 $6.27 $12.54 $13.45 https://www.homedepot.com/p/Crown-
Bolt-3-1-2-in-Zinc-Plated-Latch-Post-S
afety-Hasp-15125/202033936  
Table  1  Free  Looking on craigslist 
Paint/Paint Brushes  
 
BUG 
 
 
Tarp/Sheet 
Electric Screwdriver 
or Power Drill 
Total Price with Tax $407.66 
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 Table B.3.​ Purchased Cold Frame Cost Analysis 
Material Quantity Price of 1 Total Price Total Price with Tax Link 
Cold Frame 1 $62.99 $62.99 $62.99 Amazon Link 
Table  1  Free  Looking on craigslist 
Paint/Paint Brushes  
 
BUG 
 
 
Tarp/Sheet 
Electric Screwdriver or 
Power Drill 
Total Price with Tax $62.99 
 
 ​Table B.4.​ Personalized Cold Frame Selection Matrix 
 
Selection Criteria 
Concepts 
Concept A Concept B 
Efficiently uses the space in the garden zero zero 
Durable zero zero 
Anti-Pest plus minus 
Secure/Lockable zero zero 
Solar Powered zero zero 
Automated Watering zero zero 
User friendly for elementary students plus minus 
User friendly for faculty and staff plus minus 
Automated temperature zero zero 
Automated humidity zero zero 
Rainwater collection zero plus 
Easy to install zero zero 
Affordable zero zero 
Ease of manufacture zero zero 
Sum + 3 1 
Sum 0 11 10 
Sum - 0 3 
Net Score 3 -2 
Rank 1 2 
Continue with concept? Yes No 
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Table B.5.​ Wall Selection Matrix 
 
Selection Criteria 
Concepts 
Concept A Concept B Concept C Concept D 
Ease of manufacture zero zero minus zero 
Durable minus plus plus plus 
Aesthetically pleasing plus plus plus zero 
Affordable plus zero zero zero 
Sum + 2 2 2 1 
Sum 0 1 2 1 3 
Sum - 1 0 1 0 
Net Score 1 2 1 1 
Rank 2 1 2 3 
Continue with concept? No Yes No No 
 
  
Figure B.1.​ Wall Construction with No Support (Option A) 
 
71 
  
Figure B.2. ​Wall Connection with Extra Inner Support (Option B) 
 
 
Figure B.3.​ Wall Construction with Interlocking Feature (Option C)  
 
 
Figure B.4.​ Wall Construction with Outer Support (Option D) 
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 Table B.6. ​Door Selection Matrix 
 
Selection Criteria 
Concepts 
Concept A Concept B Concept C 
Ease of manufacture plus minus plus 
User friendly for elementary students zero plus zero 
User friendly for faculty and staff zero plus plus 
Affordable zero zero zero 
Efficiently uses space minus plus plus 
Sum + 1 3 3 
Sum 0 3 1 2 
Sum - 1 1 0 
Net Score 0 2 3 
Rank 3 2 1 
Continue with concept? No No Yes 
 
 
Figure B.5.​ Cabinet Style (Option A) 
 
  
     Figure B.6.​ Sliding Doors (Option B) 
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Figure B.7.​ Oven Style (Option C) 
 
Table B.5.​ Lid Comparison 
Product Unit 
Price 
Rating  
(out of 5) 
Online Plastic Supply Acrylic Plexiglass Sheet 1/4" x 24" x 36" - Clear $40 4.6 
36 in. x 48 in. x .093 in. Acrylic Sheet $42.98 4.1 
0.040" X 24" X 36" CLEAR ACRYLIC SHEET $33.25 N/A 
 
Table B.6.​ Personalized Bench Cost 
Material Quantity Price of 1 Total 
Price 
Total Price with 
Tax 
Link 
2’’ by 4’’ Redwood 1 $11.98 $11.98 $12.85 https://www.homedepot.com/
p/Mendocino-Forest-Products
-2-in-x-4-in-x-10-ft-Construct
ion-Common-Redwood-Boar
d-436348/206075379  
2 1/2” Screws 1 $7.98 $7.98 $8.56 https://www.homedepot.com/
p/Grip-Rite-8-x-2-1-2-in-Phili
ps-Bugle-Head-Coarse-Threa
d-Sharp-Point-Polymer-Coate
d-Exterior-Screws-1-lb-Pack-
PTN212S1/100173447  
Plastic Benchtop 2 $11.55 $23.105 $24.77 https://www.greenhousemega
store.com/equip/benches-displ
ays/growing-benches/a-v-plas
tic-benchtop-18-wide-36-long
?returnurl=%2fequip%2fbenc
hes-displays%2fgrowing-benc
hes%2f  
Total Price with Tax $46.20 
74 
  
Table B.7.​ Purchased Bench Cost 
Material Quantity Price of 1 Total 
Price 
Total Price with 
Tax 
Link 
Table  1 $81.00 $81.00 $98.50 https://www.greenhouseme
gastore.com/single-level-di
splay-bench?gclid=CjwKC
AiA8rnfBRB3EiwAhrhBG
pqzG5BkENUbLw1wff2a
O-eGI-aQerN3RTsWeiCbo
Rbes5O8v6w5UBoCE3wQ
AvD_BwE 
Total Price with Tax $98.50 
 
 
B.2. Watering Decisions 
Table B.8.​ Misting Selection Matrix 
 
Selection Criteria 
Concepts 
Concept A Concept B Concept C Concept D 
Ease of manufacture zero zero zero zero 
Evenly waters minus plus plus minus 
Affordable zero zero zero zero 
Adaptable to different soil trays zero plus minus zero 
Sum + 0 2 1 0 
Sum 0 3 2 2 3 
Sum - 1 0 1 1 
Net Score -1 2 0 -1 
Rank 3 1 2 4 
Continue with concept? No Yes No No 
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Figure B.8.​ Offset Sprinkler System (Option A) 
 
 
Figure B.9.​ Above Misting System (Option B) 
 
Figure B.10.​ Slotted Misting System (Option C) 
 
76 
  
Figure B.11.​  Rear Misting System (Option D) 
 
Table B.9.​ Mister Comparison 
Product Price Rating  
(out of 5) 
Advantages Disadvantages 
Orbit Low 
Pressure 24-sq ft 
Residential 
Misting System 
$17.48 4.5/5 ● Easy Install 
● High Surface 
Area for 
Length 
● No Adjustable 
Spray 
● Cannot be 
Extended 
Orbit Arizona Mist 
Hose Attachment 
$13.98 2.5/5 ● Freestanding ● Few nozzles 
● Small Surface 
Area Misted 
Patio Misting Kit $69.99 4/5 ● Durable 
Brass 
● Expandable 
Ends 
● Designed For 
Heat 
● Higher Water 
Pressure 
Needed 
● Expensive 
 
 
Table B.10.​ Valves Comparison 
Product Price Rating  
(out of 5) 
Advantages Disadvantages 
Adafruit 12V Plastic Water 
Solenoid Valve 
$9.98 4.5/5 Cheap, Low Voltage 
Required 
Less Durable Plastic, 
One Direction Flow 
U.S. Solid 12V Brass 
Electric Solenoid Valve 
AC 
$27.99 4/5 Durable Brass Expensive, Can Coil 
Burnout with Overuse 
HFS 12V Brass Electric 
Solenoid Valve-Water Air 
Gas 
$15.99 4/5 Durable Brass, Multiple 
Sizes as Needed 
Becomes Physically 
Hot 
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Table B.11.​ Watering Timer Comparison 
Product Price Rating  
(out of 5) 
Advantages Disadvantages 
Orbit 1 Port 
Digital Host Timer 
 
$37.96 4.5/5 Clock Set Timer Feature, Set 
Frequency and Run Time, Rain 
Delay Feature, Manual Bypass 
Button 
Most Expensive, 
Double AA Batteries 
Required 
Orbit Analog Hose 
Water Timer 
$14.98 2/5 Cheap, No Batteries Manually Started 
Hydrofarm 
HGWT Electronic 
Water Timer 
$28.34 4/5 Set Frequency and Run Time No Rain Delay 
Feature 
 
B.3. Electrical Decisions 
Table B.12.​ Solar Cell Comparison 
Product Price Rating  
(out of 5) 
Advantages Disadvantages 
ECO-WORTHY 10W Solar 
Panel Module 
19.99 4.5/5 Small, Affordable, 
Easy installation, 
Weather resistant 
Low power 
generation, Less 
efficient 
Winnewsun Flexible 100W 
Solar Panel 
163.99 3/5 Flexible shape, High 
efficiency, High 
power 
Expensive, Fragile 
 
HQST 100W 12V 
Polycrystalline Solar Panel 
99.99 3.5/5 High power, Durable 
material, Easy 
installation 
Expensive, Low 
efficiency 
 
 
Table B.13.​ Sensor Comparison 
Product Price Rating  
(out of 5) 
Arduino 
Compatible 
Operating 
Voltage 
Accuracy Operating 
Temp. 
Soil Moisture Sensor 
SparkFun Soil Moisture 
Sensor 
$4.95 
 
4.3 Yes 3.3V - 5V N/A N/A 
Kuman 5Pcs Soil 
Moisture Sensor Kit 
$8.99 4.5 Yes 3.3V-5V N/A N/A 
Vernier Soil Moisture $99 N/A Yes 5V ±4% –40°C to 
+60°C 
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 Sensor  
Humidity and Temperature Sensor 
OSEPP Humidity & 
Temperature Sensor 
$9.99 N/A Yes 5V +/- 2°C 0-50°C 
DHT22 
temperature-humidity 
sensor + extras 
$9.95 N/A Yes 3 to 5V 2-5% -40 to 80°C  
Oregon Scientific 
THGR122NX Wireless 
Temperature and 
Humidity Sensor 
$29.95 4 No N/A N/A N/A 
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 Appendix C: Budget 
Table C.1. ​ Detailed Budget 
Category Income Sought Committed Pending  
Grant Undergraduate Programs $1,500.00 $1,200.00   
 Bronco Urban Gardens $300.00 $300.00   
 Total $1,800.00 $1,500.00 $0.00 $1,500.00 
      
Category Expenses Estimated Spent Pending  
Structure Cold Frame (Gardner) $62.99 $60.47   
 Cold Frame (Forge) $62.99 $68.66   
 
Cinder Blocks and Wood 
Planks (Gardner) $0.00 $61.84   
 
Cinder Blocks and Wood 
Planks (Forge) $0.00 $61.82   
 Automatic Vent Opener $35.00 $25.99   
 Automatic Vent Opener $35.00 $35.99   
 
Acrylic for electronics box and 
cement $35.00 $35.04   
 Acrylic for final electronics box $35.00 $31.88   
 Acrylic for temperature testing $35.00 $32.49   
 Tarp for testing $14.00 $0.00   
 Caulk, epoxy, and charcoal $20.00 $33.86   
 
Crushed granite and redwood 
planks $30.00 $70.55   
 Yoga mats $30.00 $41.12   
Electrical 
Analog Temperature and 
Humidity Moniters $40.00 $28.61   
 Lead Acid Battery $20.00 $20.00   
 Solar Panel $40.00 $30.00   
 Wiring $15.00    
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  Arduino Sensors $35.00 $21.89   
 Venting Fans $30.00    
 LEDs $6.99    
 Wifi module     
 Solar panel stand     
Watering Misters $75.00 $53.78   
 Mount $15.00 $12.00   
 Hosing Parts $25.00 $16.45   
 Automatic Hose Timer $35.00    
Plants Soil $4.47 $0.00   
 Seeds $20.76 $0.00   
 Seedling trays $1.56 $0.00   
 Total $758.76 $742.44 $0.00 $742.44 
      
 Net Reserve $1,041.24 $757.56 $0.00 $757.56 
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 Appendix D: Timeline 
Table D.1. ​ Timeline of Tasks 
(Purple indicates tasks for Alex, Blue indicates tasks for Chris, Green indicates tasks for Fiona) 
Start Date End Date Description 
10/2/18 10/7/18Information Gathering Report 
10/4/18 10/10/18Background Information 
10/8/18 10/14/18Customer Needs Report 
10/8/18 10/17/18Funding Proposal to JAK 
10/8/18 10/19/18Funding Proposal 
10/11/18 10/17/18Hands-on Research with Arduino, LEDs 
10/11/18 10/17/18Hands-on Research with Watering Timer 
10/15/18 10/18/18Midterm Presentation 
10/15/18 10/21/18Midterm Report 
10/17/18 10/30/18Hand Drawings 
10/23/18 10/30/18Safety Procedures 
10/24/18 10/31/18Cold Frame Structure Prototype 
10/24/18 11/7/18Basic Calculations 
10/31/18 11/7/18Buy Parts Non-Automated Cold Frame 
11/4/18 11/11/18Analysis Report 
11/20/18 11/27/18Final CDR Report 
11/22/18 11/29/18Final Presentation 
11/30/18 12/1/18Non-Automated Cold Frame Build Day 
12/7/18 1/13/19Order Automated Cold Frame Parts 
1/7/19 1/14/19All components running on battery power: arduino, valve, sensors 
1/7/19 1/14/19
Test existing misting strength + misting spread on already planted 
seedlings 
1/7/19 1/14/19Construct cold frame in Forge 
1/7/19 1/14/19Update schedule, hardware goals, and parts list 
1/14/19 1/21/19Set up testing equipment in Gardner Academy 
1/14/19 1/21/19Automated water dispensations: threshold activate the valve 
1/14/19 1/21/19
Prototype/modify existing mist nozzles and compare to Week 1 
tests 
1/14/19 1/21/19Plant seedlings for cold frame: seedling tray and large tray/pots 
1/14/19 1/21/19Set up testing equipment in Forge 
1/14/19 1/28/19Update budget 
1/14/19 3/22/19Record Forge data 
1/28/19 3/22/194th and 5th grade record data 
1/21/19 1/28/19
Test sensors and watering method: determine # of sensors required 
and sensor layout 
1/21/19 1/28/19Test different layouts of mister in cold frame structure 
1/21/19 1/28/19Design/prototype and prepare wall for electronics section of the 
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 structure 
1/25/19 2/1/19Senior Design Conference Registration Form 
1/28/19 2/4/19Detail Drawings 
1/28/19 2/4/19
Continue testing sensors: optimal sensor layout for each seedling 
tray decided 
1/28/19 2/4/19
Test valves to be potentially installed in Gardner, use adjustable 
pressure valve 
1/28/19 2/4/19Install wall for the electronics section of the structure 
2/4/19 2/11/19
Solar panel testing: determine optimal angle and location in garden 
via testing output, manage battery charge 
2/4/19 2/11/19
Test mister system on existing plants, evaluate how physical plant 
leaves affects watering 
2/4/19 2/11/19
Design/Prototype waterproofing for electronics in the electronics 
section of the structure 
2/11/19 2/18/19
Full system assembly: complete automation of watering assembly 
and testing outside cold frame 
2/11/19 2/18/19Test watering system with automation system outside cold frame 
2/11/19 2/18/19
Learn how automatic vent openers work and set them to the known 
ideal temperatures 
2/18/19 2/25/19
Full system assembly: complete automation running off of the 
solar powered battery 
2/18/19 2/25/19Explore water/rain-collection options 
2/18/19 2/25/19
Install automatic vent openers in structure: Monday. Check 
humidity and temperature: Wednesday and Friday 
2/25/19 3/4/19Analysis Report 
2/25/19 3/4/19Install electronics assembly in cold frame structure 
2/25/19 3/4/19Install in cold frame, prototype water recycling system 
2/25/19 3/4/19
Check plant health based on looks on Monday, adjust automatic 
vents based on results, and repeat data collection on Wednesday 
and Friday 
3/4/19 3/11/19Final Written Report and Oral Progress Report 
3/4/19 3/11/19System testing: leave system in the Forge and record results 
3/4/19 3/11/19Evaluate potential use for drip-off based on current system results 
3/4/19 3/11/19
Check plant health based on looks on Monday, adjust automatic 
vents based on results, and repeat data collection on Wednesday 
and Friday 
3/11/19 3/18/19Troubleshooting 
3/11/19 3/20/19Assembly Drawings and Hardware 
4/1/19 4/8/19Thesis table of contents, introduction, and drawings 
4/1/19 4/8/19Weeklong automated watering setup 
4/1/19 4/8/19
Test water layouts with sprinkler in cold frame, construct 
adjustable mount as necessary 
4/1/19 4/8/19Make a new table top with granite, rebuild Gardner cold frame, 
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 collect plant data/perfect graphs 
4/4/19 4/5/19Build Day in Gardner 
4/8/19 4/15/19Full assembly, work on phone application 
4/8/19 4/15/19Full assembly, update soil moisture layouts 
4/8/19 4/15/19
Troubleshoot table, take temperature data with new table, 
implement new table and cold frame at Gardner 
4/8/19 4/15/19Experimental protocol and PDS update 
4/15/19 4/22/19solar panel test, automated data collection 
4/15/19 4/22/19
measure uniformity with longer duration, battery voltage test, 
organize electronics box 
4/15/19 4/22/19
plant new set of seeds to test automated growth, record plant data, 
mat vs no mat cold frame temperature comparison, final 
presentation draft, update application 
4/15/19 4/22/19Draft of final presentation 
4/22/19 4/29/19
Troubleshoot watering, solar panel (trickle charge data), 1 week of 
temperature, humidity, and battery voltage data 
4/22/19 4/29/19Improve spatial distribution graphs, collect watering data 
4/22/19 4/29/19
Order vent (build bar to open all doors), plant new seeds, record 
daily plant growth, fix powerpoint 
4/29/19 5/6/19Troubleshoot watering, fix up graphs, mobile app 
4/29/19 5/6/19Fix plots (2d), water cup test with old sprinkler 
4/29/19 5/6/19Fix up electronics box, plant seeds, mobile app 
4/25/19 5/8/19Finalize and Practice Presentation 
5/8/19 5/9/19Senior Design Conference 
5/9/19 5/22/19Work on thesis draft 
5/22/19 5/29/19Patent search and business plan 
5/30/19 5/31/19
Install electronics at Gardner, engineering presentation for 4th and 
5th graders 
5/29/19 6/12/19Revise thesis 
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Figure D.1.​ Gantt Chart 
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 Appendix E: Safety 
Table E.1.​ Risk Level 
 Likelihood 
Severity Low Medium High 
Low 1 1 2 
Medium 1 2 3 
High 2 3 3 
 
E.1. Manufacture 
Potential Risks: 
● Miter saw: Following the prescribed lab safety procedure, the miter saw is 
unlikely to cause injury. However, the potential for severe injury does exist with 
improper use.  
○ Risk Level: 2 
● Laser cutter: Because the laser cutters are enclosed, the likelihood of injury is 
very low. Additionally, the severity of injury with the enclosure will likely be 
low. 
○ Risk Level: 1 
Procedures and Safeguards:  
● Complete proper safety training before using any lab equipment. 
● Have the machine shop or maker lab supervised work sessions. 
● Require 2 people or more working together in the lab or in the shop together. 
● If an injury happens with the miter saw or laser cutter, immediately notify 
whoever is in charge of the maker lab or machine shop. If it is a very serious 
injury like a deep cut, it is best to go to the emergency room. 
E.2. Assembly 
Potential Risks: 
● Power tools: Hand tools can present a medium likelihood of injury because of the 
lack of safeguards. Any power tool has the potential for medium injury. 
○ Risk Level: 2 
Procedures and Safeguards:  
● Complete proper safety training before using any lab equipment. This includes 
maker lab and light fabrication training. 
● Have the machine shop or maker lab supervised work sessions. 
● Require 2 people or more working together in the lab or in the shop together. 
● If an injury happens with the power tools, immediately notify whoever is in 
charge of the maker lab or machine shop. If it is a very serious injury like a deep 
cut, it is best to go to the emergency room. 
E.3. Test/Operation 
Potential Risks: 
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 ● Sharp Edges/Splinters: Working with wood, our cuts and construction may leave 
sharp edges as well as potential splinters.  
○ Risk Level: 1 
● Pressurized Water Systems: Potential for watering systems to malfunction and 
burst the pipe. The incident would result in a damaged pipe, but more importantly 
would release water uncontrollably, which may wet our electrical system. 
○ Risk Level: 1 
Procedures and Safeguards:  
● Inspect wood or other materials before handling with bare hands. 
● Use work gloves when transporting cold frame. 
● Sand all wood and metal after manufacturing. 
● Install soft material such as rubber around corners as a safety guard. 
● If splinters or bruises occur from bumping or touching the cold frame, it is not 
required to tell anyone. Splinters can be pulled out by tweezers and bruises from 
sharp edges should be iced. 
● Given the fact that the garden is used every day, a burst pipe will be immediately 
noticeable.  If a pipe bursts within the garden, school staff will handle the short 
term maintenance. The garden manager or facilities manager will notify the city 
of San Jose to fix it. 
● The cold frame structure is designed to keep the electric components separate 
from the watering system to prevent water damage. 
● Water systems will be thoroughly tested for leaks prior to final installation. 
● Valves and hoses bought with the capability of handling higher pressures than the 
city’s water pressure.  
E.4. Display 
Potential Risks: 
● Sharp Edges/Splinters: Working with wood, our cuts and construction may leave 
sharp edges as well as potential splinters.  
○ Risk Level: 1 
● Tripping: There is a danger of students tripping over legs of the table that the cold 
frame is placed on. 
○ Risk Level: 1 
● Cold Frame Falling Over: There is a danger of the cold frame tipping off the table 
it is placed on. This could be particularly damaging if it falls on a student 
○ Risk Level: 2 
Procedures and Safeguards:  
● Sand all wood and metal after manufacturing. 
● Install soft material such as rubber around corners as a safeguard. 
● If splinters or bruises occur from bumping or touching the cold frame, it is not 
required to tell anyone. Splinters can be pulled out by tweezers and bruises from 
sharp edges should be iced. 
● If a student trips on a table leg, bruises, cuts, and other injuries should be 
inspected by the teacher in charge. Depending on the seriousness of the injury 
students should visit the school nurse or the emergency room if necessary. 
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 ● If the cold frame tips over, it should be inspected for any damage like cracked 
plastic and carefully put back in place. 
● If the cold frame land on a student, the student should be the priority. Depending 
on the seriousness of the injury students should visit the school nurse or the 
emergency room if necessary. 
● The table should be placed up against the fence surrounding the garden so that it 
is as out of the way as possible and so that it is more stable. This will help prevent 
tripping. To further deter tripping, the legs of the table will be painted a bright 
color. 
E.5. Storage 
Potential Risks: 
● Placement: Due to our cold frame being stored outside, it is subject to potential 
harsh natural conditions and as a result has a slight danger of tipping over. 
○ Risk Level: 2 
Procedures and Safeguards:  
● Place rear of the cold frame against the fence to prevent tipping over backward. 
● Mount cold frame to table securely. 
● Design cold frame with long horizontal length to distribute weight and reduce the 
potential of horizontal tipping. 
● If cold frame tips over, it should be inspected for any damage like cracked plastic 
and carefully put back in place. 
E.6. Disposal  
Potential Risks: 
● Cracked plastic or wood: This might result in dangerous sharp edges and system 
failure, leading to the structure being disposed of. 
○ Risk Level: 2 
● Disassembly: To properly dispose of the cold frame it must be disassembled 
might result in sharp edges and screws being exposed.  
● Power tools: For disassembly, hand tools would be required. Hand tools can 
present a medium likelihood of injury because of the lack of safeguards. Any 
power tool has the potential for medium injury. 
○ Risk Level: 2 
Procedures and Safeguards: 
● The cold frame must be completely disassembled before disposing of materials. 
● Require 2 people or more working together for disassembly. 
● Disassembly should happen with supervision from the machine shop or maker 
lab. 
● Wood may be reused, however, if the wood is damaged and is unpainted with no 
nails or screws in it, it may be composted. 
● Acrylic sheets should be reused or thrown in the trash. Depending on the material 
it may be recycled. 
● Screws and bolts used should be collected and saved for reuse. 
● Used hoses and valves may be reused or thrown in the trash. 
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 ● Solar panels may be reused for other projects. However, if they no longer work, 
solar panels may be thrown away or disposed of as e-waste. 
● If an injury happens with the power tools, immediately notify whoever is on site 
and in charge at the garden. If it is a very serious injury like a deep cut, it is best 
to go to the emergency room. 
● Electronics no longer in use may be reused or disposed of as e-waste. 
  
89 
 Appendix F: Assembly Drawings 
F.1. Cold Frame 
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 F.2. Electronics Housing 
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 F.3. Sprinkler Mount 
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 Appendix G: FEA Analysis 
G.1. Structure 
An FEA analysis was run on one of the front legs of the structure. Using the calculated 
material weights and the angle of the roof, a force of 126 lbs was applied along the axis of the 
connecting beam. Figure 20 shows the deformation and stress distribution developed in the 
beam. One important note is that the SolidWorks software did not have material properties for 
any hardwoods and we had to utilize balsa wood for our material properties. Because balsa wood 
is much weaker and has lower yields, it is expected that the actual deformation of our system will 
be much less. However, the stress calculations are based on the geometry and should be fairly 
accurate. The maximum stress expected in the beam occurs at the base where it is fixed and is 
about 377 kPa. The FEA modeled Figure 2 as seen in the Block Diagram section. 
 
 
Figure G.1. ​Internal Force of 126 lb, FEA Simulation Result 
 
After verifying the basic structural integrity of the supports, the entire frame was modeled 
in the FEA simulation. In testing, we wanted to account for some of the expected loadings the 
frame would encounter. The first set of simulations show the effects of wind blowing from the 
back and sides of the cold frame. We tested under the assumption that an average days wind 
would not exceed 25 N and that the maximum force expected on a very windy day would be 
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 around 100 N. Figures G.2 and G.3 show the contour plots of the stress in the cold frame when 
applying 25 N while fixing the base of the frame. 
 
 
Figure G.2. ​ Back Beam Wind Force of 25N, FEA Simulation Result 
 
 
Figure G.3. ​Side Beam Wind Force of 25N, FEA Simulation Result 
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From our analysis, we determined that the peak stress from wind would occur in the 
front, middle support of the cold frame, where the joints meet. If we need to strengthen our 
design this locations would be a good spot to start. Figures G.4 and G.5 show the same loading 
configuration with the 100 N force.  
 
 
Figure G.4. ​Back Beam Wind Force of 100N, FEA Simulation Result 
 
 
Figure G.5. ​Side Beam Wind Force of 25N, FEA Simulation Result 
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As expected, the geometry dictates the stress distributions. The stress distribution in the 100 N 
simulation as compared to the 25 N simulation remains the same. The stress values do increase 
by about a factor of 4, which aligns with our load being increased by the same factor. Figure 25 
shows the final loading situation considered. The motivation behind the simulation was to 
determine the compressive stresses if a child were to put their weight on the cold frame. 
Estimating the weight of an average 5th grader at around 100 lbs. we modeled the frame with a 
450 N Load on the back. The results show that the stress is concentrated in the middle support 
with the peaks occurring near the sharp corners at the joints. 
 
 
Figure G.6. ​ Child Force of 450N, FEA Simulation Result 
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 G.2. Electronics Box 
 
Figure G.7. ​Front Side Loading at 25N 
 
 
Figure G.8. ​ Back Side Loading at 25N 
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 Appendix H: Calculations 
H.1. Block Diagrams 
Figures 1 through 4 depict internal forces. Figures 5 through 10 depict external forces. 
 
  
        ​Figure H.1. ​ Front Leg Side Internal Force        ​Figure H.2. ​ Front Leg Front Internal Force 
 
 
       Figure H.3. ​ Back Leg Side Internal Force        ​Figure H.4.​ Back Leg Front Internal Force 
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Figure H.5. ​External Wind Force on Back Horizontal Beam 
 
    
   ​Figure H.6. ​ Front Leg Side View With External       ​Figure H.7.​ Front Leg Side View 
External  
                                    Force                                                                    Force 
 
 
Figure H.8. ​External Child Force on Back Horizontal Beam 
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         Figure H.9. ​External Child Force on Side      ​Figure H.10. ​External Child Force on Middle  
                                Beam                                                                    Beam 
H.2. Test Conditions 
 
 
Figure H.11. ​ Internal Forces Test Conditions 
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Figure H.12. ​ Back Beam Wind Force Test Conditions 
 
 
Figure H.13. ​ Side Beam Wind Force Test Conditions 
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Figure H.14. ​ Child Force Test Conditions 
H.3. Hand Calculations 
 
 
Figure H.15. ​ Internal Stress Hand Calculations 
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Figure H.16. ​ Back Beam Wind Stress Hand Calculations 
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Figure H.17. ​ Side Beam Wind Stress Hand Calculations 
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Figure H.18. ​ Child Stress Hand Calculations 
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 Appendix I: Arduino Code 
#include <EEPROM.h> 
float humid=0.0; 
float temp=0.0; 
int valve=53; 
int sens; 
float avg; 
float avgt1; 
float avgt2; 
float data; 
int addr = 0; 
byte value; 
int address=0; 
unsigned long startTime=millis(); 
unsigned long lastTime=0; 
unsigned long currentTime=0; 
unsigned long timeclock; 
 
void setup() { 
  // put your setup code here, to run once: 
  Serial.begin(9600); 
  pinMode(valve,OUTPUT); 
  digitalWrite(valve, HIGH); 
  value=EEPROM.read(EEPROM.length()-1); 
  if (value==0){ 
    Serial.println("dont'run"); 
    addr=EEPROM.length()-1; 
  } 
} 
 
void loop() { 
  // put your main code here, to run repeatedly: 
  if (addr == EEPROM.length()-1){ 
    Serial.println("don't run"); 
    delay(9999999999999999999999999999999999999999999); 
  } 
  currentTime=millis(); 
  //Serial.println(currentTime); 
  if ((currentTime-lastTime)>=(900000)){ 
    //Serial.println("6sec"); 
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     humid=0; 
    for (int i=0; i<100; i++){ 
      sens=analogRead(A0); 
      humid=humid+sens; 
      delay(10); 
    } 
    data=humid/400; 
    avg=humid/100; 
    EEPROM.write(addr, data); 
    Serial.println(avg); 
    addr=addr+1; 
    temp=0; 
    for (int i=0; i<100; i++){ 
      sens=analogRead(A1); 
      temp=temp+sens; 
      delay(10); 
    } 
    data=temp/100; 
    avgt1=temp/100; 
    EEPROM.write(addr, data); 
    Serial.println(avgt1); 
    addr=addr+1; 
    temp=0; 
    for (int i=0; i<100; i++){ 
      sens=analogRead(A2); 
      temp=temp+sens; 
      delay(10); 
    } 
    data=temp/100; 
    avgt2=temp/100; 
    EEPROM.write(addr, data); 
    Serial.println(avgt2); 
    addr=addr+1; 
    if (addr>=20){ 
      EEPROM.write(EEPROM.length()-1,0); 
    } 
    timeclock=(((millis()-startTime)/3600000)+11)%24; 
    Serial.println(timeclock); 
    EEPROM.write(addr, timeclock); 
    addr=addr+1; 
    if (avg>600 && timeclock<=10 && timeclock>=7){ 
      digitalWrite(valve, LOW); 
      //Serial.println("water"); 
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       EEPROM.write(addr, 1); 
      addr=addr+1; 
      delay(60000); 
      digitalWrite(valve, HIGH); 
      //Serial.println("finished"); 
    } 
    if (avg<600){ 
      digitalWrite(valve, HIGH); 
      //Serial.println("not water"); 
    } 
    lastTime=currentTime; 
  } 
} 
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Appendix J: Plant Growth Raw Data 
Table J.1.​Non-Automated Kale Growth Data 
Week Outside Greenhouse Cold Frame 
0 0 0 0 
4 0.6 8 2 
4 0.4 5.5 1.7 
4 0.9 6.3 2.5 
4 1.4 4.9 2.4 
4 1 4.2 3.1 
4 0.3 5.4 2.4 
4  5.6 1.1 
4  3.7 1.3 
4  4.6 3 
4   1.4 
4   2.3 
4   1.7 
4   1.4 
4   2.9 
4   2.2 
4   1.8 
4   2.6 
4   2.2 
4   2.9 
4   2.7 
4   2 
4   2.7 
4   2.1 
4   2 
4   2 
AVERAGE 0.7666666667 5.355555556 2.176 
STD. DEV. 0.4131182236 1.266008601 0.554737175 
5 1.4 6.1  
5 0.9 6.2  
5 0.3 7.3  
5 0.7 5.6  
5 0.5 6.8  
5 0.76 6.1  
5  6.8  
5  7.2  
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 5  6.9  
AVERAGE 0.76 6.555555556  
STD. DEV. 0.3773592453 0.5768689433  
6 0.6 9  
6 1 11.8  
6 1.9 10.3  
6 1.5 7.9  
6  9.4  
6  8.9  
6  10.6  
AVERAGE 1.25 9.7  
STD. DEV. 0.5686240703 1.293573861  
7 1.4 14.5 2.1 
7 1.3 21 3.6 
7 1.2 18.2 4 
7 0.9 19.7 2.7 
7  20.4 3.4 
7   2.3 
7   3.5 
7   1 
7   2.7 
7   1.4 
7   3.6 
7   2.4 
7   1.9 
7   2.4 
7   3 
7   3.1 
7   3.9 
7   2.8 
7   3.3 
7   3.4 
7   2 
7   2.2 
7   2.8 
7   2.5 
7   1.8 
7   3 
7   2.2 
7   2.3 
AVERAGE 1.2 18.76 2.689285714 
STD. DEV. 0.2160246899 2.600576859 0.7455245659 
8   5.4 
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 8   4.4 
8   6.2 
8   2.7 
8   2.3 
8   5.6 
8   4.3 
8   6.1 
8   3.7 
8   6.7 
8   2.3 
8   4.4 
8   5 
8   5.5 
8   4.6 
8   4.2 
8   6.5 
8   3.9 
8   4.5 
8   6 
8   4 
8   4.8 
8   3.3 
8   4.9 
8   2 
8   5.1 
8   4.6 
8   4.2 
AVERAGE   4.542857143 
STD. DEV.   1.254452388 
9 1.7 27.1 7.5 
9 2 22.4 8 
9 1.2 24 5.3 
9 0.9 23.7 4.7 
9  25 7.9 
9  23.2 8.5 
9  21.1 3 
9  21.3 9.6 
9   8 
9   8.3 
9   6.9 
9   8.2 
9   8.3 
9   7.6 
131 
 9   6.7 
9   7.4 
9   7 
9   9 
9   8 
9   6.5 
9   9.3 
9   6.6 
9   7.9 
9   5.5 
9   6.8 
9   6 
9   6.7 
9   6.9 
AVERAGE 1.47 23.475 7.217857143 
STD. DEV. 0.4932882862 1.978274862 1.430631451 
11   16 
11   15.3 
11   14.2 
11   8.6 
11   14.5 
11   14.4 
11   15.2 
11   17 
11   15.2 
11   17.2 
11   9.2 
11   16.1 
11   13.6 
11   16 
11   12 
11   16.4 
11   19.2 
11   17.4 
11   13.9 
11   17.2 
11   19.7 
11   19 
11   17.6 
11   17.8 
11   17.3 
11   18 
11   17 
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 AVERAGE   15.74074074 
STD. DEV.   2.679015212 
 
Table J.2.​ Automated Cucumber Growth Data 
Day Outisde Greenhouse Cold Frame 
0 0 0 0
1 0 0 0
2 0 0 0
3 0 0 0
4 0 0 0
5 0 0 0
6 0 0 0
7 0.4 1.9
7 0.6 1
7 0.9 0.9
7 0.4 1
AVERAGE 0 0.575 1.3
STD. DEV. 0 0.2362907813 0.469041576
8 0.9 2.3
8 1.2 1.3
8 2.2 1.2
8 0.7 2.5
8  3
8  1.3
8  2.4
8  1.4
8  2.2
AVERAGE 0 1.366666667 1.955555556
STD. DEV. 0 0.6658328118 0.6616477747
9 2 2
9 1.4 3.4
9 2.4 2
9 3 2
9 1.7 2.2
9 1.4 3.6
9 1.9 1.8
9 1.6 2
9 2.8 2.2
9 2 2
AVERAGE 0 2.022222222 2.32
STD. DEV. 0 0.5553777493 0.6338594306
13 0.3 3.5 3.4
13 0.5 3.5 3
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 13 4.5 3.5
13 3 4
13 4 3.5
13 3.2 6
13 2.8 3
13 4.3 3
13 3.2 4
13 2 3.4
13 3.3 
13 3.141397977 
AVERAGE 0.4 3.4 3.68
STD. DEV. 0.1414213562 0.6759611824 0.8941787045
17 1.1 3.9 4.5
17 1 4 5.5
17 1.2 5 4.9
17 0.9 6.6 6.4
17 1 7 4.5
17 0.8 5.4 6.3
17 1 3.5 4.4
17 1.1 5 4.7
17 5.8 5.4
17 3.1 5.3
17 6.5 6.7
AVERAGE 1.11 4.55 4.67
STD. DEV. 0.1246423455 1.327471965 0.8100406836
24 1.5 3.9 5
24 2.8 5 5.5
24 1.8 6 5.9
24 1.5 6.6 7
24 1.7 7 4.5
24 0.8 5.4 6.3
24 1.7 5.5 6.4
24 1.2 7 6.7
24 5.8 6.4
24 8 5.3
24 6.8 6.7
24 4.55 4.67
AVERAGE 1.625 6.090909091 5.972727273
STD. DEV. 0.5575424429 1.51279006 1.274614784
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 Appendix K: Supplemental Information 
K.1. Closed Loop Watering System 
Normally, a plant system will need to intake water from a consistent outer source, 
including a pond or water pumped system. A closed loop watering system aims to water the 
plants as necessary, but also re-use the water through methods such as catching the overflow or 
condensing the humid air into water [21]. As mentioned in the Watering System section, a drip 
irrigation system may be used to water the plants. This particular system uses the drip irrigation 
method in a hydroponic system, meaning sand or liquid is used instead of soil [21]. The 
closed-loop occurs through the use of a reservoir placed underneath the watering station, so any 
overflow water can be retained and re-enter the watering system [21]. Our system would utilize 
soil as it is a more common base of plants, and would try to feature a dehumidifier to further 
increase the amount of water we can retain from the system, and make it as close to a completely 
closed loop as possible. Recent design conversations have led us away from this design as it 
would increase water efficiency and supply by a very small percentage, and would like to focus 
our efforts into the structure and automation of the cold frame, with the humidifier being a future 
goal if time allows [21]. 
 
Figure K.1. ​ Closed Loop Drip Irrigation System [21] 
K.2. Greenhouse Design 
The book, ​Greenhouse Design and Control ​, discussed everything from ​entire process of 
building a greenhouse including site selection, orientation, structure design, materials, and 
standards, as well as the whole process of automating the greenhouse including control systems, 
mechanical systems, and electrical systems [22].​ Most of this information is not necessary for 
our design process because we are building a cold frame and our site and orientation are out of 
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 our control. Most of the systems proposed were remote controlled versus automated. There was 
no information detailing sensor systems or ideal plant growth [22]. 
K.3. Temperature and Humidity Relationships 
The optimum temperature for photosynthesis occurs at 77°F (25 °C), while the optimum 
temperature for metabolism in root zones occurs around 64 °F (18 °C). This means that the air 
temperature should be around 77°F, while the soil and water should be around 64 °F [23]. To get 
effective air temperature readings, sensors should be placed within the canopy of the plants. The 
ideal humidity for plant growth is around 50-60%. During the vegetative stage, plants grow most 
of their leaves and consume a lot of water, so it helps to increase humidity to about 70%. Once 
plants start flowering, the ideal humidity drops to 40% [24].  Ideal growing conditions occur at 
“Field Capacity”, which is when the tension is between -10 and -20 centibar and volumetric 
water content is between 10% and 50% depending on the soil type as seen in Figure K2. [25]. 
Tension is defined as the amount of water held in soil, which is expressed by the amount of work 
required for plants to remove the water from the soil. Volumetric water content is expressed as 
inches of water per inch of soil [25].  
 
Figure K.2. ​Soil Moisture Content [25]  
K.4. Other Student Research Relating to Automated Growing 
Given the ideal plant conditions, researchers have examined the best lights and vents to 
maintain temperature and humidity. A student team at the Indian Institute of Technology 
Kharagpur, published a paper that discussed the effects of different lighting environments on 
plant growth. The team tested many conventional greenhouse lights including incandescent 
lamps (ILs), fluorescent lamps (FLs), high-pressure mercury lamps (HPMLs), high-pressure 
sodium lamps (HPSLs), and metal-halide lamps (MHLs), but determined that light-emitting 
diodes (LEDs), provided the most optimal lighting environment for plants due to their heat 
emission, small size, and long lifespan [26]. A team in Southern Africa determined that another 
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 key aspect is ventilation. In their paper, fan-pad ventilation, otherwise known as active venting 
systems are more effective in humid climates,while natural venting is sufficient for arid and 
semi-arid climates [27]. 
An example of a current sensor system is presented in the paper, “Neural network 
modeling of greenhouse tomato yield, growth and water use from automated crop monitoring 
data.” A Canadian research team recorded crop yield, growth and water every minute to 
determine how crops responded to changes within the greenhouse environment. The team 
recorded this data for various different levels of radiation, temperatures, and CO2 over various 
periods of time. By recording this data, the team was able to effectively model the crop 
performance of tomatoes [28]. A student research team at the Islamic University in Bangladesh 
team was able to control temperature, light, humidity and soil moisture with a simple Arduino 
program. The tested said system in both large and small greenhouses. While the automation 
technically worked in the large greenhouse, it was found to be more effective in the small 
nursery [29]. Another student research team at the Siddhartha Engineering School in India 
published an article titled, “Smart Wireless Sensor Network for Automated Greenhouse”, that 
discussed an entire monitoring system that sensed temperature, humidity, soil moisture, and 
irrigation within the greenhouse. These sensors send data to a web application that allowed the 
team to remotely monitor various parameters within the greenhouse [30]. 
 
Figure K.3. ​ Flowchart of Control System Process [30] 
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 Appendix L: Senior Conference Slides
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 Appendix M: Preview Day Poster 
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